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Abstract 
Heavy ion (HI) (Z ≥ 2) induced reaction, at the energies near and above the Coulomb 
barrier, has been a subject of great concern over the last few decades and is still quite 
alive. Study of HI induced reactions at the energy range of 4-7 MeV/nucleon is quite 
relevant as it leads to the synthesis of super heavy elements. Recent experimental 
studies of nuclear reactions, involving HI as projectiles, indicate that complete fusion 
(CF) and incomplete fusion (ICF) processes are the dominant and competing mode of 
reactions at the energy range of 4-7 MeV/nucleon. CF requires a total transfer of 
incident momentum from a projectile to a compound nucleus through the fusion of 
entire projectile’s mass with the target. On the other hand, ICF involves partial 
transfer of momentum from the projectile to the compound nucleus via the fusion of 
only a fraction of the incident projectile’s mass with the target. There is no theoretical 
model available which could predict the extent of CF and ICF reaction contribution to 
the total reaction cross-section. Thus, in order to gather more information about the 
systematic of CF and ICF reactions and its dependence on various entrance channel 
parameters, the present work is undertaken to study the fusion dynamics of HI 
interaction using the 20Ne projectile beam on 51V, 93Nb and 165Ho targets at the energy 
below 8 MeV/nucleon. 
 
Excitation functions (EFs) and forward recoil range distributions( FRRDs) of several 
residues populated through the CF and/or ICF reactions have been studied. The 
experiments have been carried out at Variable Energy Cyclotron Centre (VECC), 
Kolkata, India. The stacked foil activation technique has been used for irradiating the 
target. The use of stacked foil activation technique, i.e., by using a set of successive 
target-catcher foil arrangements, helps in reducing the energy of the beam on the 
subsequent targets and ensures a relatively wide range of energy for measuring the 
excitation function. The target foils of 51V, 93Nb and 165Ho as well as Al-catcher cum 
degrader foils have been prepared by rolling technique at the target lab of VECC. The 
thickness of each target foil as well as Al-catcher cum degrader foil has been 
measured by weighing as well as by α-transmission method.The stacks of target-
catcher assemblies have been bombarded with the 20Ne6+ ion beam at the beam 
energy, Elab ≈ 145 MeV in a specially designed vacuum chamber for different time 
spans depending on the half-lives of the yields.After irradiation, the γ-ray activities 
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produced in each target foil of the stack has been recorded using 60 cc HPGe detector 
coupled to a PC based data acquisition system. The resolution of HPGe detector has 
been found to be 1.9 keV for 1.33 MeV γ-ray of 60Co source. The γ-ray spectroscopy 
software package RADWARE has been used for analyzing the γ-ray spectrum. 
Various peaks in the observed γ-ray spectra were  assigned to different ERs on the 
basis of their characteristic γ-rays as well as by their measured half-lives. The 
measured half-lives of the observed ERs are found to be in good agreement with their 
literature values. Given below is the list of reactions for which EF and FRRD have 
been measured: 
 
20Ne + 51V  EF: 51V(20Ne, p3n)67Ge, 51V(20Ne, p4n)66Ge, 51V(20Ne,n)66Ga, 
51V(20Ne, 2α2n)61Cu, 51V(20Ne, 2α3n)60Cu, 51V(20Ne, 2α2p)61Co, 51V(20Ne, 
3α2pn)56Mn, 51V(20Ne, 3α4n)55Co, 51V(20Ne, αp4n) 62Zn and  51V(20Ne, αp3n) 63Zn. 
 
20Ne + 93Nb EF: 93Nb(20Ne, p3n)109Sn, 93Nb(20Ne, p4n)108Sn, 93Nb(20Ne, αp3n)105Cd, 
93Nb(20Ne, αp4n)104Cd, 93Nb(20Ne, α)109In, 93Nb(20Ne, αn)108In, 93Nb(20Ne, α2n)107In, 
93Nb(20Ne, α4n)105In, 93Nb(20Ne, 2α2n)103Ag, 93Nb(20Ne, 2αp3n)101Pd, 93Nb(20Ne, 
3αn) 100Rh and 93Nb(20Ne, 3α3n) 98Rh. 
 
20Ne + 165Ho EF: 165Ho(20Ne, 3n)182Ir, 165Ho(20Ne, p2n)182Os, 165Ho(20Ne, p3n)181Os, 
165Ho(20Ne, p5n)179Os,   165Ho(20Ne, αp3n)177W, 165Ho(20Ne, αp4n)176W, 165Ho(20Ne, 
α)181Re, 165Ho(20Ne, α2n)179Re, 165Ho(20Ne, α3n)178Re, 165Ho(20Ne, α4n)177Re, 
165Ho(Ne, 2αp3n)173Hf, 165Ho(20Ne, 2α2n)175Ta, 165Ho(20Ne, 2α3n)174Ta and 
165Ho(20Ne, 2α4n)173Ta.        
 
20Ne + 51V FRRD: 51V(20Ne, p3n) 67Ge, 51V(20Ne, p4n)66Ge, 51V(20Ne,2n)65Ga, 
51V(20Ne, αp3n)63Zn, 51V(20Ne, αp4n) 62Zn,   51V(20Ne, 2α2n)61Cu, 51V(20Ne, 2α3n) 
60Cu and 51V(20Ne, 2α2p)61Co.  
 
From the study of EFs and FRRDs of the ERs populated in the above mentioned 
reactions, the influence of CF and ICF processes on the population of various residues 
has been studied. The analysis of the populated ERs has been carried out in the 
framework of equilibrated compound nucleus decay using the statistical model code, 
PACE4. It is to be noted here that the statistical model code, PACE4 do not take ICF 
 3
reaction into account while calculating the fusion cross-section. A comparison of the 
experimental data with the prediction of PACE4 code reveals that ERs populated 
through the xn and pxn channels have contributions from the CF process only, 
whereas the ERs populated through the α-emitting channel have contributions from 
the CF as well as ICF processes. Furthermore, in order to supplement the 
measurement of excitation functions for the 20Ne + 51V system, study of forward 
recoil range distribution (FRRD) of populated ERs has been carried out at a beam 
energy ≈ 145 MeV. The measurement of FRRDs helps in determining the relative 
contributions arising from the CF and ICF processes in the population of a given ER . 
 
A comparison of the experimentally measured EFs of these residues with those 
predicted by the statistical model code, PACE4 reveals that ERs populated through 
the α-emitting channel have significant contribution from the ICF process in addition 
to the CF process. The FRRDs of the residues populated through the α-emitting 
channel consist of more than one peak. The presence of multi peak in the FRRDs 
suggests the total and partial transfer of linear momentum from the incident projectile 
to the target through the CF and ICF processes, respectively. The observed incomplete 
fusion events have been explained on the basis of the break-up fusion model. 
 
Through the recent analysis of this data, it has been observed that the contribution of 
ICF reaction to the total reaction cross-section increases with the increase in the beam 
energy as well as with the mass-asymmetry of the projectile-target system. Thus, the 
present work supports the systematic suggested by Morgenstern et al. At a given 
incident energy (or Vrel), the value of ICF strength function increases almost linearly 
with the increase in mass-asymmetry of the projectile-target system. Thus, on the 
basis of the observed results it may be concluded that in addition to CF, ICF is also a 
process of considerable importance at the projectile energy below 8 MeV/nucleon. 
 
The present thesis consists of six chapters. The first chapter gives an introduction of 
the work, a brief history of nuclear physics and its various stages of development. 
Details related to the experimental setup, target preparation, irradiation of the target, 
efficiency of the detector, formula for the calculation of reaction cross-section and 
source of error and uncertainty are given in the second chapter. Third chapter sheds 
some light on the theoretical model code, PACE4 which is used in the present work to 
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compare the experimental results. Excitation functions of the ERs populated in 20Ne + 
51V, 20Ne + 93Nb and 20Ne + 165Ho systems at the energy range of 4-7 MeV/nucleon 
are given in the fourth chapter of the thesis. The FRRDs of the evaporation residues 
populated in the 20Ne + 51V system at the energy, Elab145 MeV, is given in the fifth 
chapter. The last chapter of the thesis deals with the results and discussion related to 
the present work. 
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Chapter 1 
Introduction 
1.1 Nuclear Physics, a brief history  
“Equipped with his five senses, man explores the universe around him and calls 
the adventure Science.” 
                                                                                  ─ Edwin Powell Hubble 
 
 
The word ‘Science’ may be defined as the outcome of man’s onerous and systematic 
effort to explore and understand the structure and the interaction between his material 
surroundings. The main concern of the physical science is to look for the inanimate 
material and increasingly detailed knowledge has been acquired in this field through 
the continuous and tireless effort of some of the great scientists over the last few 
centuries. Looking for the ultimate building block of the physical world has always 
been a driving force for carrying out the research work in the field of physical science. 
The search of fundamental particles has always been a core issue right from the 
development of human civilization. Many well acclaimed philosophers and thinkers 
from very different civilizations and cultures have worked a lot on the phenomenon of 
subdividing regular matter into its fundamental constituents. They have a strong belief 
that eventually there would exist a final, inseparable basic building block of matter, as 
emphasized by the use of ancient Greek word ατομοσ (atomos), which means 
“indivisible”.  
The idea of the atom was first formulated by Democritus in the fourth century BC but 
he failed to prove his speculations due to the unavailability of experimental facilities. 
It was John Dalton in 1803 who gave the first atomic theory to the world [1]. 
However, the assumptions of  Dalton’s atomic theory could not prevail for a long 
time. Approximately fifty years after John Dalton's proposal of the first atomic theory, 
evidences began to accumulate which suggested that the atom might not be the solid 
sphere that Dalton had envisioned. Those evidences came in the form of discovery of 
electrically charged particles and radioactive materials. Michael Faraday, a British 
physicist, in 1830’s made one of the most important findings that led to the idea that 
atoms had some electrical component [2]. The experiment performed by J. J. 
Thomson in 1897 led to the development of the Thomson’s ‘plum pudding’ model 
[3], in which the electrons were supposed to be embedded in a positively charge 
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uniform sphere, like the plums in a plum pudding. In order to confirm the Thomson’s 
atomic model, Ernest Rutherford, a former student of J.J. Thomson, performed the 
famous gold foil experiment in 1911 [4]. What Rutherford observed was entirely 
unexpected: some of the α-particles were scattered right back towards the α-particle 
source. This is almost impossible as per Thomson’s model. As Rutherford remarked, 
it was as if he had fired 15-inch shell at a piece of tissue paper and it had come 
straight back at him! Rutherford concluded that it is possible only if nearly all the 
mass of the atom is concentrated in a very small volume: this is the nucleus of the 
atom, with all the positive charge and nearly all the mass clustered together at the 
centre of the atom surrounded by clouds of electrons. Continuing his studies on the 
scattering of α-particles by nuclei, Rutherford in 1919 found that from some nuclei, 
such as nitrogen, more penetrating particles were emitted. They were identified as 
proton, so the first example of nuclear reaction is given as 
 
                                          4He + 14N ⟶ 1H + 17O + Q                                   …(1.1) 
where Q is the energy released in the reaction.    
The development of atomic theory experienced a new height in the form of Bohr’s 
atomic model [5]. In 1913 Neils Bohr, a student of Rutherford, developed a new 
model of the atom and using this atomic model Bohr calculated the frequencies of the 
spectral lines. According to Bohr’s atomic model, electrons are arranged in concentric 
circular orbits around the nucleus and emit radiation when electron jumps from outer 
to inner orbit. 
In 1926 Erwin Schrödinger, an Austrian physicist, took the Bohr atom model one step 
further. This atomic model is well known as the quantum mechanical model of the 
atom [6]. Unlike the Bohr’s planetary model of the atom, the quantum mechanical 
model does not define the exact path or position of an electron, but rather, predicts the 
odds of the location of the electron.                                        
 
The year 1896 may be called as the birth year for nuclear physics because in this year 
Henri Becquerel discovered that potassium uranyl sulphate emits radiation that 
enables to darken a photographic plate, a phenomenon which was not observed so far. 
The next name which comes into the mind after Marie and Pierre Curie which led to 
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the historical development of nuclear physics was Ernest Rutherford. Rutherford was 
first to find, in 1898, that naturally occurring radioactive substances emit two types of 
radiations which he named as α- and β-rays [7] and two years later Villard discovered 
a third type of nuclear radiation, γ-rays [8]. These three types of radiations were 
identified by their different penetrating powers and deflections by a magnetic field. 
Today it is well known that α-, β- and γ-rays are helium nucleus, electron and photon 
respectively.  
The complete exploration of the atom has been done in the present century, and it is 
concluded that each atom consists of a small central core called ‘nucleus’, a Latin 
word meaning ‘inner part’, containing most of the atomic mass and it is surrounded 
by a cloud of electrons. The electrostatic attraction between the positively charged 
nucleus and the negatively charged electron holds the atom together. The total 
negative charge of electrons equals the total positive charge on nucleus, thus the atom 
as a whole is electrically neutral. Making a deep dive into the nuclear structure 
through the technical advancement made in accelerator physics, it was revealed that 
the nucleus itself is composed of neutron and proton, together called nucleon, and 
more recently the results of very high collision have shown that these nucleons are 
themselves composed of elusive particles called quark, a word coined by Murray 
Gell-Mann, the American theoretical physicists.  
To discuss the nuclear reactions effectively it is necessary to understand the notation 
or jargon that is widely used to describe them. Most nuclear reactions are studied by 
inducing a collision between two nuclei where one of the reacting nuclei is at rest (the 
target nucleus) while the other nucleus (the projectile nucleus) is in motion. 
(Exception of this occurs both in nature and in the laboratory in studies where both 
the colliding nuclei are in motion relative to each other.) On sticking to the scenario of 
a moving projectile and stationery target nucleus, nuclear reactions can be described 
generally as: 
 
             Projectile (P) + Target (T)                 Emitted particle (x) + Residue (R) 
 
A short hand way to denote such reactions is, for general case, 
                                                 T(P, x)R                                                    …(1.2) 
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Using this notation the Rutherford transmutation equation (Eq. 1.1) could be 
represented as 
                                            14N(4He,1H)17O                                                  …(1.3) 
In a nuclear reaction, there is conservation of the number of protons and neutrons (and 
thus the number of nucleons). Thus the total number of neutrons (protons) on the left 
and right sides of the equation must be equal. 
The phenomenon concerning the scattering of atomic and sub-atomic particles from a 
target nucleus have always played an important role in the study of nuclear reaction 
and structure of target nuclei. The discovery of atomic nuclei made by Rutherford was 
the result of such an experiment performed using α-particle. At the initial stage of 
experimental nuclear physics, only the light projectile such as electrons, proton and α-
particles were used for bombarding the target nuclei. However, with the development 
of modern accelerator facilities, capable of producing high energy beams of heavier 
projectile, the importance of such experiments increases many folds. These 
developments result into the emergence of a whole new branch of nuclear physics, 
called ‘Heavy ion Physics’. In accordance to nuclear physics, an ion is essentially a 
bare nucleus. In nuclear physics, ions heavier than α-particle (i.e. A > 4) are 
commonly regarded as heavy ions. Classically, a nuclear reaction takes place when 
the heavy ions are projected with sufficiently high kinetic energy to overcome the 
Coulomb barrier(CB) and interact with the target nuclei. At present many accelerators 
are working in different laboratories across the world, which can accelerate a variety 
of heavy ions to energies from a few MeV to several TeV range. The study of nuclear 
reactions induced by accelerated beam of heavy ions has resulted into a vast pool of 
information about the static and dynamic properties of atomic nuclei. A variety of 
nuclear models are needed to explain the different interaction channels such as elastic 
scattering, direct reaction, pre-equilibrium reaction and compound nuclear reaction 
etc. Thus, the theoretical understanding regarding the nuclear behavior has greatly 
enhanced.  
Heavy ion finds its application in the field of atomic physics, nuclear physics, 
astrophysics, metallurgy and bio-medical research. Heavy ion beams are also being 
used frequently in diagnostic and clinical procedure in nuclear medicines.  
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The accelerators devoted to the study of heavy ion interactions are capable of 
producing beams of projectile ions throughout the periodic table, at energies from 
below the Coulomb barrier up to several TeV range. The energies of accelerated  
heavy ions are usually classified into the following three groups: 
I. low energy (E < 20 MeV/nucleon) 
II. intermediate energy (20 < E < 200 MeV/nucleon) 
III. relativistic energy (E ≥ 200 MeV/nucleon) 
In the case of high energy heavy ion induced reactions, it has been found that many 
novel nuclear species can be produced e.g. the transuranic nuclei beyond the range of 
nucleogenesis, the production of highly neutron rich or proton rich nuclei and nuclear 
molecules, etc. The periodic table has, therefore, grown considerably in the regions 
between β-stable nuclei and those at the edge of proton and neutron drip lines.  
1.2 Heavy Ion Induced Reactions 
At present, study of heavy ion induced reactions is the most active area of nuclear 
physics research. A wide range of available projectile energies and a wide variety of 
projectile–target combinations have enormously enriched the field of nuclear physics 
for the investigation of nuclear processes. For a certain class of nuclear reaction to 
take place, there are a number of indicator parameters, such as 
I. Projectile energy, 
II. Impact parameter and 
III. Projectile-target combination. 
When a positively charged heavy ion projectile approaches the target nuclei there is a 
repulsive force between them because of their Coulomb field. Nuclear interaction can 
only take place if the two-ion energy in their centre of mass system (Ecm) is high 
enough to overcome the Coulomb barrier, and then the associated wavelength is much 
                                    
cm2
h
ME
                                …(1.4) 
 less than the nuclear dimensions. In such circumstances the interaction shows 
semiclassical features, and in particular it is appropriate to consider the ions moving 
along their classical orbits. This semiclassical nature of the heavy ion interaction 
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makes it possible to give an overall description in terms of the minimal distance 
between the two interacting ions, rmin, which is simply related to the impact parameter 
b by 
                                              
  CM1 /
min
min
br
V r E


                                    …(1.5) 
where V(rmin) is the nuclear potential acting between the two ions. Even though such a 
description is only qualitative and a full treatment must take account of the quantum 
mechanical nature of the process, it is possible to distinguish four regions where the 
different reaction mechanisms predominate as the minimal distance between the two 
ions increases: 
1) the fusion region with min F0 r R ;    
2) the deep inelastic and the incomplete fusion region with  F min DICR r R ;    
3) the peripheral region with DIC min NR r R ;    
4) the Coulomb region with min Nr R ,  where RN is the distance above which the 
nuclear interaction is negligible. 
 
Different types of interactions, as a function of impact parameter b, are shown in Fig. 
1.1 [9]. For very small impact parameters, where the two nuclei have a sizable overlap 
during the collision, nuclear reactions become very prolific, populating a large 
number of states in the region of high level density. In such situation, it becomes 
appropriate for statistical concepts to describe the process which takes place. As a 
result of these interactions, large amount of energy and angular momentum is lost. In 
many cases the loss is so large that the two nuclei cannot overcome the nuclear 
attraction and fuses to form a composite system. Such reactions have a definite 
intermediate state, after the absorption of incident particle but before the emission of 
the outgoing particle. This intermediate state is called the compound nucleus. In 
compound nucleus, a nucleon or a group of nucleons near the surface may, by a 
statistical fluctuation, receive enough energy to escape, just as a molecule may 
evaporate from a heated drop of liquid. If the excitation energy of the compound 
nucleus is high enough, several particles may be evaporated in sequence and the 
process continues until the energy of the nucleus is below the threshold for particle 
emission, and then the nucleus emits γ-rays until it reaches the ground state.   
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  Figure 1.1. Classical picture of heavy ion interaction showing the trajectories                                                          
  corresponding to close, grazing, peripheral and distant collisions [9]. 
 
Compound nucleus may decay in a variety of different ways. According to Bohr’s 
independent hypothesis [10], the relative probability for decay into any specific set of 
final product is independent of the means of formation of the compound nucleus. The 
fluctuation of compound nucleus excitation function has a small width indicating the 
excitation of a long lived state, whereas the smoothly varying cross-sections of direct 
reactions indicate short reaction times. Intermediate processes such as pre-equilibrium 
reactions show fluctuations with widths substantially greater than those of the 
compound nucleus reactions. 
In the deep inelastic collision (DIC) and incomplete fusion (ICF) regions, the overlap 
of the ions is much less than in the case of fusion, but it is sufficient to allow a strong 
interaction between the two ions which transform a sizeable fraction of the kinetic 
energy into internal excitation energy. This may occur by a process called deep 
inelastic collision in which the two ions form a dinuclear system which lasts for some 
time. The two ions are connected by a neck through which a substantial energy 
transfer occurs, but only a few nucleons are transferred from one to the other. When 
the dinuclear system breaks, two fragments fly apart which are similar to projectile 
and target and are called the projectile-like and the target-like fragments. In this 
impact parameter window, another process may occur in the case of light projectiles: 
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the break-up fusion or incomplete fusion reaction in which the projectile breaks-up 
into two fragments, one of which fuses with the target, while the other flies away 
almost undisturbed.  
The reaction in which an incident particle interacts primarily at the surface of the 
target nucleus and one or few nucleons are ejected is called a direct or peripheral 
reaction. It may be possible to have direct and compound nucleus processes, both 
contributing to a given reaction. One of the major differences between these two 
processes is the reaction time, which, for direct process, is about 10-22 seconds, while 
for compound reaction is about 10-16 seconds. Finally, in the Coulomb region the 
nuclear interaction between the two ions is negligible, but they may still interact via 
the Coulomb excitation.     
Impact parameter, b, is related to orbital angular momentum,  , through the relation 
                              = b = pb = kb,                              …(1.6) 
where   is the reduced mass of the projectile-target system,  and p are, respectively, 
velocity and momentum of the projectile-target system. Earlier considerations have 
enable us to assume that different interaction processes dominate in different specific 
 -windows and the expression for reaction cross-section in different regions may be 
given by 
                                                    
i 1
i
i 2 2 1 T ,k



  
 

 
                                         …(1.7) 
where Tι is the transmission coefficient for a given  -window such that Tℓ ≈ 1 for 
≤  max and i = 1, 2, 3, 4 corresponds, respectively, to fusion, to deep inelastic or 
break-up fusion, to peripheral and to Coulomb reactions, whereas   =  1,  2,  3,  4 
and  5 represents, respectively, 0, kRF, kRDIC, kRN,  max, with 
                                
2
R
max 1,
k
 

                                     …(1.8) 
where R  is the total reaction cross-section including Coulomb excitation.                          
The total reaction cross-section, R , semiclassically, to a good approximation, is 
given by the expression 
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( )12 intint
CM
V RR
E
 
    
 
                             …(1.9) 
According to Bass [11], Rint and V(Rint), to a good approximation, are given by  
                                3.2int P TR R R fm                              …(1.10) 
where RP and RT are the half density radii of the projectile and the target respectively, 
and is given by  
                                              1/3 1/3i i i1.12 0.94 ,R A A fm
                              …(1.11) 
and  
                       ( ) 1.44 MeV,P T P Tint
int P T
Z Z R RV R b
R R +R
                   …(1.12) 
where b ≈ 1 MeV fm-1 and ZP, ZT are the projectile and the target charges, 
respectively. The magnitude of contribution arising from different reaction processes 
to the total reaction cross-section is schematically shown in Fig. 1.2 [9]. The effective 
potential acting between the projectile-target systems is supposed to be a complex one 
body potential, the real part of which describes the refraction of the incident projectile 
by the target nuclei whereas the imaginary part of the potential counters the absorpti- 
 
 
Figure 1.2.  A schematic picture of the contributions of different partial waves to 
the reaction cross-section for a collision between two heavy ions [9]. 
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-on of all non-elastic interaction. The real part of the potential has contributions from 
three different sections namely; the Coulomb potential, the nuclear potential and the 
centrifugal potential.  
The Coulomb potential acting between the projectile and the target system is given by     
             
2
2
0 c c
1 3 ,
4 2
2
P T
c
Z Z e rV (r)
R R
 
    
     for r ≤ Rc,               …(1.13) 
and 
                   
0
1 ,
4
2
P T
c
Z Z eV (r)
r


           for r > Rc                         …(1.14) 
All the complicated interaction between the projectile and the target nuclei is 
represented by strongly attractive nuclear potential and the Saxon-Woods form of the 
optical potential is given by 
                                              0N ,
1
VV r
r Rexp
a

   
 
                                           …(1.15) 
where R = r0(AP + AT) and a is the diffuseness parameter. 
 
On the other hand, centrifugal potential is given by 
 2
2
1
.
2 r


 
 The contribution 
arising from these three components of effective potential depends a lot on the energy 
of the incident projectile beam and on the mass and energy of the projectile-target 
system. In Fig.1.3 the predicted total potential is shown for representative values of   
[9]. It can be visualized from the figure that for the smaller angular momentum there 
is a pocket in the potential, which disappear with the increase in the value of  . 
 
1.3 Complete Fusion 
Complete fusion (CF) is defined as a process in which the projectile is completely 
absorbed by the target leading to the formation of an excited compound nucleus 
comprising the total angular momentum and hence the total energy brought in by the 
incident projectile. At higher incident energies, the angular momentum resulting from 
the projectile-target interaction exceeds the maximum limit, called ‘critical angular 
momentum’ ( crt ), that the compound system can sustain. For angular momentum 
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Figure 1.3.  Sum of the nuclear, Coulomb and centrifugal potential (Veff) as a                      
function of radial separation between the target and projectile nuclei for various 
values of orbital angular momentum [9].  
 
 
crt  , the probability of CF is maximum and beyond crt  the CF probability 
decrease to zero at the expense of a rise in the incomplete fusion (ICF) probability 
[12]. The details of ICF reaction are discussed in the following section. If the impact 
parameter of the projectile-target interaction is small enough so that the nuclei can 
overlap completely, a compound nucleus representing CF of the two nuclei can be 
formed as an intermediate state. From the compound nucleus, formed at higher 
excitation energy through CF, several particles may be evaporated in succession. This 
is because evaporation favors the emission of low energy particles and so, as the 
excitation energy is increased above the threshold, for emitting an extra particle, the 
probability for this to occur increases at the expense of evaporation of fewer high 
energy particles. A schematic representation of compound nucleus formation through 
CF reaction with its subsequent decay through particle/ ray   emission is shown in 
Fig. 1.4 [13].  
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Figure 1.4. A schematic representation of formation of compound nucleus 
through complete fusion and its decay via the evaporation of p, n and α-particles 
followed by emission of γ-rays [13]. 
 
Given below are some of the important features of CF reaction: 
I. At low incident energies CF constitutes a major portion of the total reaction 
cross-section. 
II. With an increase in the charge of the interacting nuclei, CF reaction cross-
section was found to fall significantly. 
III. CF reaction cross-section was found to, first, increase with an increase in the 
incident energy until the corresponding angular momentum reaches the critical 
value ( crt ) beyond which it was found to decrease. 
IV. The excitation functions (variation of cross-section with the incident projectile 
energy) of the evaporation residues, formed through the CF of different pairs 
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of interacting ion, resulting into the same compound nucleus, may differ 
considerably. 
V. The excitation functions of the evaporation residues populated through the CF 
reaction were found to be quite smooth because the compound nucleus is 
created at high excitation energy, well into the continuum of its energy 
spectrum, where there are many possible states that can be excited, all 
overlapping in energy because of their finite decay widths. 
 
Most of the features of the CF reactions, discussed above, may be explained by 
considering the behavior of the nuclear reaction potential (Fig. 1.3) and assuming that 
CF between the heavy ions occurs for all those partial waves which permits the two 
ions to move close to each other so that they get trapped in a pocket. If this condition 
is not fulfilled, the two ions are reflected back and do not fuse at all.  
 
1.4 Incomplete Fusion 
Incomplete fusion (ICF) is defined as the process in which one of the charged 
fragments of the incident projectile, following a break-up in the periphery of the 
target’s field, is captured by the target while the remaining nucleons of the projectile 
escape from the interaction region and survive the fusion process. Break-up process 
plays an important role in reducing the fusion cross-section of the tightly bound 
projectiles well above the Coulomb barrier, whereas the same effect in case of loosely 
bound projectile is felt in the vicinity of Coulomb barrier, owing to small Q-value 
involved. ICF reactions were found to take place through the peripheral collision in 
the range of angular momentum just above the crt  for the CF reactions. Many 
features of the ICF reaction excitation functions could be explained by assuming the 
ICF reaction to be localized in successive  -windows above the crt  for CF, in a 
sequence beginning with the capture of the heaviest fragment of the projectile 
followed by the capture of lighter fragments at higher angular momenta. As can be 
visualized from Fig. 1.3, at relatively smaller values of angular momentum  crt  a 
pocket is formed in the potential energy curve in the vicinity of critical distance of 
approach. However, the formation of pocket disappears gradually with the increase in 
angular momentum beyond crt . In order to shed out extra angular momentum above
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crt , incident projectile breaks-up into fragments so that a part of it can still fuse with 
the target nucleus. Although there is a well defined boundary of angular momentum 
for the occurrence of CF and ICF processes, both the processes were found to deviate 
significantly from their defined regions of angular momentum. Figure 1.5 [13] shows 
the schematic representation of the ICF process through the formation of an 
incompletely fused compound system. Some of the fundamental properties of the ICF 
reaction dynamics, which evolved through the continuous experimental as well as 
theoretical study right from its inception, are as follows: 
 
I. Excitation functions of the evaporation residues populated through the ICF 
channel were found to show an enhancement over the values predicted by the 
theoretical model code based on CF of projectile with target. 
II. The ICF reaction begins to influence the total reaction cross-section just 
above the Coulomb barrier. 
III. The magnitude of the ICF contribution to the total reaction cross-section 
increases with the increase in beam energy. 
IV. The probability of the ICF reaction was found to be more in the case of mass 
asymmetric system as compared to the mass symmetric system. 
V. The evaporation residues populated through the ICF channels were found to 
traverse relatively smaller distance in the stopping medium as compared to 
the residues populated through the CF channels due to partial transfer of 
momentum through the ICF process.  
 
The ICF reaction was first observed by Britt and Quinton [14] in the heavy ion 
collision at about 10 MeV/nucleon. It was observed that at forward angle a large yield 
of non compound  -particles with a mean energy, roughly, same as the incident 
beam energy was emitted. Through this observation it was concluded that the fast  -
particles were produced through a break-up reaction. Later on, Inamura et al. [15] 
observed the same phenomenon through the charged particle-  coincidence 
measurement. Right from the observation of the first ICF reaction by Britt and 
Quinton [14], numerous attempts have been made, till now, to explore the multitude 
of the factors affecting the ICF reaction dynamics. Most of these works were confined  
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Figure 1.5 A schematic representation of the ICF process through the formation 
of an incompletely fused compound system [13]. 
 
to the energy region above 10 MeV/nucleon. Though experimental data in the energy 
range of near and above the potential barrier are available, a majority of these 
experiments were carried out using weakly bound projectiles [16,17]. Extensive 
experimental studies, using the loosely bound projectiles, have been carried out to 
understand the mechanism of the ICF process, but the experimental data involving 
strongly bound projectiles are very scarce. Thus in order to develop a complete 
understanding about the dynamics of CF and ICF processes, it is necessary to study 
the heavy ion induced reactions involving projectiles having tightly bound structure.  
 
The main objective of the present work is to explore the complexities involved in the 
CF and the ICF reactions by utilising the tightly bound projectile in the energy range 
of 3-7 MeV/nucleon. The literally important information has been extracted by 
utilising the following two important methods: 
 Measurement of excitation functions (EFs):- The measurement of EFs of the 
evaporated residues (ERs) helps in determining the magnitude of the 
contribution arising from the CF and the ICF processes and its variation with 
the incident beam energy. 
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 Measurement of forward recoil range distributions (FRRDs):- Measurement 
of FRRDs gives a practical idea of momentum transfer taking place from the 
projectile to the target through the CF and the ICF processes. 
 
The stacked foil activation technique have been used for the irradiations of target 
foils. The irradiation of the stacks was carried out at the Variable Energy Cyclotron 
Centre (VECC), Kolkata, India. The activity produced in the individual foil was 
measured using a 60 cc HPGe detector coupled to a PC based  data acquisition 
system. The excitation functions and forward recoil range distributions have also been 
evaluated theoretically using the computer codes, PACE4 [18] and SRIM [19]. 
 
The whole work is divided into six chapters. The first chapter gives an introduction of 
the work, a brief history of nuclear physics and its various stages of 
development.Chapter 2 gives details regarding the experimental technique used to 
carry out the present work. Details regarding the theoretical model code, PACE4 are 
given in chapter 3. EFs of the evaporation residues populated through the CF and the 
ICF processes in the concerned reaction and the information extracted from these EFs 
are given in chapter 4. Information gathered through the study of FRRDs are given in 
chapter 5. The last chapter, chapter 6 is devoted to the summary and conclusion drawn 
from the carried out work. 
     
                                         **************************** 
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Chapter 2 
Experimental Details 
      “Theory guides. Experiment decides.” 
                                                           ─ An old saying in science 
The experiments for the measurement of excitation functions (EFs) and forward recoil 
range distribution (FRRD) were performed at the Variable Energy Cyclotron Centre 
(VECC) Kolkata, India. In the first phase of experiment, excitation functions (EFs) of 
radio-nuclides populated in 20Ne + 51V, 20Ne + 93Nb and 20Ne + 165Ho systems at 
different incident energies have been measured. On the other hand, in the second 
phase of experiment, forward recoil range distributions (FRRDs) of  radio-nuclides 
populated in the 20Ne + 51V  system at the given incident beam energy have been 
measured. Section 2.1 gives a brief description of the cyclotron facility available at 
VECC, Kolkata. Details related to energy calibration and efficiency of detector is 
given in section 2.2. Experimental details related to the measurement of EFs of 
evaporation residues (ERs) populated in 20Ne + 51V, 20Ne + 93Nb and 20Ne + 165Ho 
systems are given in section 2.3 whereas the experimental details concerning the 
measurement of FRRD of ERs populated in the  20Ne + 51V system is given in section 
2.4. Section 2.5 gives details related to the formulation and section 2.6 sheds some 
light on the error and uncertainty arising from different sources.    
2.1 K130 Variable Energy Cyclotron 
The variable energy cyclotron (also known as K130 cyclotron), first of its kind in 
India, became operational on June 16, 1977. The cyclotron has delivered high energy 
light ion beams (alpha, proton, and deuteron) and high charge state light heavy ion 
beams (Nitrogen, Oxygen, Neon and Argon) for performing experiments to various 
institutions from all over the country. The machine is designed to accelerate protons 
from 6 to 60 MeV, deuterons from 12 to 65 MeV and alpha from 25 to 130 MeV [1]. 
The K-130 cyclotron has been operating round-the-clock and delivering light-heavy 
ion beams for experimental use in four beam lines. Low energy alpha beams (1.0 
MeV to 7.2 MeV) which are likely to address the requirements of nuclear physicists 
have been developed. The cyclotron has already been operating for more than 3000 
hours in terms of new beam development and delivering beam on target for 
Experimental Details  
20 
conducting experiments in various fields of research mainly in nuclear physics, radio-
chemistry, material science and producing of rare ion beams (RIBs) etc. A file picture 
of K130 cyclotron at VECC is shown in Fig.2.1. 
Beam Quality: 
Energy Resolution: The beam has energy spread (∆E/E) 0.5% (FWHM). The energy 
spread after analyzing the magnet is 0.025% (FWHM). 
Time structure: The beam from the cyclotron consists of short pulses of small 
duration (1 to 10 ns) at the interval of (50 to 200 ns). 
 
Figure 2.1. A file picture of K130 Cyclotron at VECC, Kolkata. 
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2.2 Energy Calibration and Efficiency of the Detector 
 
In heavy ion nuclear reactions, a number of radio-nuclides are expected to get 
populated during the irradiation. These radio-nuclides are usually identified on the 
basis of their characteristic  -rays emitted in the course of de-excitation from the 
excited states. To identify the emitted  -rays, a  -ray detector of good quality having 
high resolution power with proper calibration is required. Moreover, in order to make 
quantitative measurements of the emitted  -rays, the efficiency of the detector must 
be known for the given source-detector geometry with high precision. Thus, to fulfil  
the above requirement, a high resolution HPGe detector of 60 cc active volume was 
used for identifying the characteristic  -ray emitted from the irradiated target. The 
resolution of HPGe detector was found to be 1.9 keV for 1.33 MeV  -ray of 60Co 
source .The given HPGe detector was calibrated using standard 152Eu radioactive  -
ray source. The detector was coupled to a PC based data acquisition system available 
at VECC Kolkata. Table 2.1 shows the energy and the corresponding intensity of the 
most prominent  -rays emitted by the 152Eu source, which were used for the 
calibration of the given HPGe detector. 
 
The geometry dependent photo-peak detection efficiency of the HPGe detector at 
various source-detector separations was measured using the same 152Eu source of 
known strength. The  -ray spectroscopy software package RADWARE [2] has been 
used for analyzing the  -ray spectrum. The geometry dependent efficiency (ε.G) of 
the HPGe detector at different source-detector separation was estimated using the 
relation; 
                                
0 1 1
.G
[ exp(- ) ]
S
S t
 
 
                               …(2.1) 
where S is the observed disintegration rate of the  -ray source 152Eu at the time of 
measurement, S0 is the absolute disintegration rate at the time of its manufacture, 1  is 
the decay constant, t is the time lapsed between the date of preparation and start of the 
counting of the source, 1  is the branching ratio of the characteristic  -ray of the 
source. A 5th order polynomial having the following form, gives the best fit for the 
energy dependence of the efficiency;  
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Table 2.1. The energy and corresponding absolute intensity of predominant γ-
rays emitted from 152Eu source.  
 
 
 
                                                                   
5
0
.G Eii
i
a

                                                  …(2.2) 
 
where ai are the constants determined by least square fitting and having different 
values at different source-detector separation, and Ei being the energies of the 
characteristic  -rays. Typical geometry dependent efficiency curves of the HPGe 
detector at two different distances between 152Eu source and the detector are shown in 
Fig.2.2.   
 
SI. No.     -Rays Energy (keV) Absolute Intensity (%) 
1. 121.8 28.4 
2. 244.7 7.5 
3. 344.3 26.6 
4. 411.1 2.2 
5. 443.9 2.8 
6. 778.9 12.9 
7. 867.4 4.2 
8. 964.1 14.5 
9.                 1085.9 9.9 
10.                 1089.7 1.7 
11. 1112.1 13.6 
12. 1212.9 1.4 
13. 1299.2 1.6 
14. 1408.0 20.8 
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Figure 2.2. Typical geometry dependent efficiency curves of HPGe detector at 
two different source-detector separations. Solid line represents the best 
polynomial fit of the data points. 
2.3  Excitation Functions    
The measurement of excitation functions (EFs) is an important technique to study 
complete and incomplete fusion processes in heavy-ion induced reactions. 
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2.3.1 Target preparation 
 The self-supporting target foils of isotopically pure (99.99%) 51V, 93Nb and 165Ho 
were used. The target foil thicknesses and Al-catcher cum degrader foils thicknesses 
vary from 1.12 to 1.56 mg/cm2 and from 1.03 to 3.78 mg/cm2, respectively. These 
target and catcher foils were prepared at Target Lab of VECC, Kolkata. The Al 
backings of different targets served as energy degraders as well as catchers for 
recoiling residues that may be trapped into its thickness during the course of 
irradiation. The thickness of each target and degrader foil was measured separately by 
two methods. Firstly, by weighing the target and Al-degrader foils, and secondly, by 
measuring the energy loss suffered by 5.485 MeV  -particles from the 241Am source 
while traversing the target and degrader medium. The measured thicknesses of 
different target and Al-degrader foils using these two methods were found in 
agreement with each other. The prepared target foils were cut into square pieces of 1.5 
x 1.5 cm2 and placed into the aluminium holders of standard size having concentric 
holes of 10 mm in diameter. Each target foil was backed by an Al foil of appropriate 
thickness (hereafter called the target-catcher foil assembly) to trap the heavy recoiling 
products produced in the reaction.  
 
2.3.2    Irradiation of target foils 
In order to cover a wide energy range in the limited beam time, the stacked foil 
energy degradation procedure was used. The stack, containing an arrangement of 
target foils interspersed with thin Al foils of desired thickness, was placed normal to 
the beam direction with target facing the beam current. The stack-foil activation 
technique has this considerable advantage of allowing the simultaneous 
determination, in a single irradiation, of the excitation functions of a large number of 
exit channel products. This technique has been extensively utilized in the study of 
nuclear reactions using the stable ion beams [3,4] and the results were found to be  
quite satisfactory and in agreement with the predictions of theoretical model codes  
[5,6]. Moreover, the stacked foil arrangement allows the recoiling nuclei, populated in 
the course of irradiation, to get trapped in the Al-catcher foils preserving any loss of 
activity from the target and hence helps in improving the accuracy of the measured 
results. As the incident projectile beam moves forward through the target-catcher  
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Figure 2.3. Typical target-catcher foils arrangement used for the measurement of 
excitation functions.  
 
medium, it suffers collision with the nuclei present in the material medium which 
results in decrease of beam energy. As a result of these nucleon-nucleon collisions, 
the successive target foils get irradiated with decreasing beam energy and thus helps 
in covering a wide energy in a single irradiation. Irradiations of 51V, 93Nb and 165Ho 
stacks, each consisting of six target-catcher foils, were done with 20Ne6+  beam at 
energy   Elab   145 MeV. Keeping in mind the half-lives of interest, targets were 
irradiated with an average beam current of40 nA, 40 nA and 20 nA for about 11 hrs, 
7 hrs and 16 hrs respectively. A typical target-catcher foil assembly used for the 
irradiation of target stack is shown in Fig. 2.3. The incident energy of 20Ne6+ ion beam 
on different target foils was calculated from the energy degradation of the initial beam 
energy using stopping power software SRIM [7]. The weighted average beam current 
behind the target assembly was measured with an electron suppressed Faraday cup, 
using a current integrator device, for every 2 minutes, so as to correct for the 
variation, if any, in the beam intensity during the irradiation, which are particularly 
important for short lived radio-nuclides. Beam flux was measured by two methods. 
Firstly, by measuring the time-weighted beam current, and secondly, by measuring 
the total charge collected in Faraday cup. The beam flux calculated   using these two  
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Figure 2.4. Schematic diagram of the experimental setup used for the target 
irradiation at VECC, Kolkata. 
methods were found to agree well with each other.  The irradiation of all the target 
foils was carried out in a specially designed vacuum chamber available at VECC, 
Kolkata and is shown in Fig. 2.4.   
  
2.3.3 Identification of evaporation residues 
After the irradiation was over, the  -ray activities induced in target-catcher foil 
assembly were recorded using ORTEC HPGe detector. The activities induced in the 
target foils were recorded at increasing times, so that the recorded activity at different 
times may be used for the confirmation of radio-nuclides. Target foils were counted at 
interval over a period from about few minutes after the irradiation to few days later so 
that the recorded activities may be used for the decay curve analysis. As a 
representative case, a typical decay curve of 67Ge residues populated via p3n channel 
in the 20Ne + 51V interaction is shown in Fig.2.5. The size of the solid circles in Fig. 
2.5 includes the experimental error. As can be seen from the Fig. 2.5, the measured 
half-life of the observed ER (67Ge) is in good agreement with the literature values [8]. 
The identified reaction products for the 20Ne induced reaction on 51V, 93Nb and 165Ho 
in the energy range considered in the present measurements are listed in Tables 2.2, 
2.3 and 2.4 respectively. Other details viz.: residual nuclei, spin-parity, half-life, 
gamma- ray energies and corresponding absolute intensities are also given in the 
aforesaid tables.                
Experimental Details  
27 
 
0 2000 4000 6000 8000 10000
101
102
103
104
 
 
C
ou
nt
 ra
te
Lapse time (sec)
EkeV
67Ge(p3n)
t1/2 = 18.9 min 
 
         Figure 2.5. The typical decay curve of 67Ge residue populated via p3n 
         channel in 20Ne + 51V interactions. 
 
Nuclear data like half-lives, gamma-ray energies etc. are taken from the table of 
Radioactive Isotopes [8] and Nuclear Wallet Cards [9]. In the list, very weak gamma-
rays are not included wherever strong gamma rays were available for the same 
product. Typical  -ray energy spectrum obtained from the irradiation of 51V, 93Nb 
and 165Ho target by 20Ne6+ ion beam at Elab   110.9 MeV, 112.0 MeV and 145.0 MeV 
are shown in Figs. 2.6, 2.7 and 2.8 respectively. Various peaks in the observed  -ray 
spectra were assigned to different ERs on the basis of their characteristic  -ray as 
well as by their measured half-lives.   
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Table 2.2. List of observed reaction channels populated through CF and/or ICF 
processes in the 20Ne + 51V reaction are given in the first column along with the 
half-life in column 2 and other columns have spectroscopic properties. 
 
 
 
 
 
 
 
SI. No.     Reaction Half-life Jπ Eγ (keV) Iγ (%) 
1.  51V(20Ne, p3n)67Ge    18.9 min         1/2─              167 84.4 
    1472.9            4.9                                                               
2. 51V(20Ne, p4n)66Ge      2.26 hrs            0+              381.9               28.2 
    272.9 10.4 
    338.0                 8.6   
3. 51V(20Ne, αn)66Ga       9.49 hrs        0+ 1039.2 37.0 
    833.5                 5.9                                                                                                                          
4. 51V(20Ne, 2α2n)61Cu     3.33 hrs 3/2─          282.9 12.2 
    656.0 10.7 
    1185.0 3.8 
5. 51V(20Ne, 2α3n)60Cu     23.7 min        2+ 1332.5 88.0 
    826.0 21.7 
6. 51V(20Ne, 2α2p)61Co     1.65 hrs 7/2─ 908.6 3.6 
7. 51V(20Ne, 3α2pn)56Mn  2.58 hrs         3+           846.0 98.9 
8. 51V(20Ne, 3α4n)55Co     17.53 hrs 7/2─ 931.3 75.0 
    1408.4 16.8 
9. 51V(20Ne, αp4n)62Zn     9.2 hrs 0+ 596.5 26.0 
    548.3 15.3 
10. 51V(20Ne,αp3n)63Zn     38.5 min 3/2─          669.6 8.0 
    962.1 6.5 
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Table 2.3. List of observed reaction channels populated through CF and/or ICF 
processes in the 20Ne + 93Nb reaction are given in the first column along with the 
half-life in column 2 and other columns have spectroscopic properties. 
 
 
 
SI. No.     Reaction Half-life Jπ Eγ (keV) Iγ (%) 
1. 93Nb(20Ne, p3n)109Sn    18.0 min 5/2+ 331.1 9.7 
2. 93Nb(20Ne, p4n)108Sn    10.3 min 0+ 396.4 64.3 
    272.7 45.5 
3. 93Nb(20Ne, αp3n)105Cd    55.5 min 5/2+ 961.8 4.6 
    346.8 
607.2 
4.2 
3.7 
4. 93Nb(20Ne, αp4n)104Cd     57.7 min 0+ 709.6 
559.1 
19.5 
6.3 
5. 93Nb(20Ne, α)109In    4.2 hrs 9/2+ 623.7 
1148.9 
5.5 
4.4 
6. 93Nb(20Ne, αn)108In   
  
58 min 
 
7+ 
 
1032.9 
325.8 
35.0 
13.7 
7. 93Nb(20Ne, α2n)107In    32.4 min 9/2+ 320.9 10.2 
8. 93Nb(20Ne, α4n)105In    5.07 min 9/2+ 260.2 
196.2 
15.7 
5.9 
9. 93Nb(20Ne, 2α2n)103Ag  65.7 min 7/2+ 118.7 31.2 
    266.8 13.3 
10. 93Nb(20Ne, 2αp3n)101Pd     8.47 hrs 5/2+ 590.4 12.0 
11. 93Nb(20Ne, 3αn)100Rh     20.8 hrs 1─ 539.5 
446.1 
80.6 
11.9 
12. 93Nb(20Ne, 3α3n)98Rh     8.7 min 2+ 745.3 5.3 
13. 93Nb(20Ne, 3α5n)96Rh     9.9 min 6+ 1227.8 7.8 
    644.1 4.5 
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Table 2.4. List of observed reaction channels populated through CF and/or ICF 
processes in the 20Ne + 165Ho reaction are given in the first column along with the 
half-life in column 2 and other columns have spectroscopic properties. 
 
SI. No.     Reaction Half-life Jπ Eγ (keV) Iγ (%) 
1. 165Ho(20Ne, p2n)182Os    22.1 hrs         0+ 180.2 
263.3 
33.5 
6.7 
2. 165Ho(20Ne, p3n)181Os    105 min            1/2─ 826.7              20.0 
    118.0 12.9 
3. 165Ho(20Ne, p5n)179Os    6.5 min            1/2─ 593.8              94.0 
4. 165Ho(20Ne, 3n)182Ir    15 min            5+ 126.2              34.4 
5. 165Ho(20Ne, αp3n)177W    135 min        1/2─ 115.0 51.0 
    376.8                4.6
6. 165Ho(20Ne, αp4n)176W    2.50 hrs 0+ 99.4 73.0 
7. 165Ho(20Ne, α)181Re    19.9 hrs         365.5 
639.3 
56.0 
6.4 
8. 165Ho(20Ne, α2n)179Re    19.5 min 5/2+ 430.2 28.0 
    401.7 7.2 
9. 165Ho(20Ne, α3n)178Re    13.2 min 3+ 237.3 
105.3 
939.1 
45.0 
23.0 
8.9 
10. 165Ho(20Ne, α4n)177Re    14.0 min 5/2─ 196.8 8.0 
11. 165Ho(20Ne, 2αp3n)173Hf  23.6 hrs         1/2─ 296.5 33.9 
    139.6 12.7 
12. 165Ho(20Ne, 2α2n)175Ta     10.5 hrs 7/2+ 348.5 12.0 
13. 165Ho(20Ne, 2α3n)174Ta     1.05 hrs 3+ 206.7 58.0 
14. 165Ho(20Ne, 2α4n)173Ta     3.14 hrs 5/2─ 172.2 18.0 
    160.4 4.9 
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           Figure 2.6. Typical  -ray spectrum of 20Ne + 51V system obtained     
           from irradiation at Elab   110.9 MeV.  
 
 
   
500 1000 1500 2000 2500
10 1
10 2
10 3
10 4
10 5
 
10
3 A
g 
(1
18
.7
 k
eV
)
10
5 In
 (2
60
.2
 k
eV
)
10
7 In
 (3
20
.9
 k
eV
)
10
9 S
n 
(3
31
.1
 k
eV
)
10
8 S
n 
(3
96
.4
 k
eV
)
10
0 R
h 
(5
39
.5
 k
eV
)
10
1 P
d 
(5
90
.4
 k
eV
)
10
9 In
 (6
23
.7
 k
eV
)
10
4 C
d 
(7
09
.6
 k
eV
)
98
R
h 
(7
45
.3
 k
eV
)
10
5 C
d 
(9
61
.8
 k
eV
)
10
8 In
 (1
03
2.
9 
ke
V)
96
R
h 
(1
22
7.
8 
ke
V)
E lab~  112 M eV
C
ou
nt
s
C hannel N um ber
 
200 400 600 800 1000 1200
 E   (keV)
              
            Figure 2.7. Typical  -ray spectrum of 20Ne + 93Nb system obtained                                     
               from irradiation at Elab   112.0 MeV. 
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                 Figure 2.8. Typical  -ray spectrum of 20Ne + 165Ho system obtained                                     
                 from irradiation at Elab   145.0 MeV.  
 
2.4 Forward Recoil Range Distribution 
 
The measurement of FRRD is a straight forward technique, which furnishes the model 
independent information about the relative contributions of the CF and ICF processes 
in the population of a given ER by determining the degree of momentum transferred 
from the projectile to the target nucleus [10]. 
 
2.4.1 Target preparation and irradiation 
  
The self supporting target foil of isotopically pure (purity 99.99%) 51V of thickness 
250 µg/cm2 and stack of thin Al-catcher foils (used to trap the recoiling residues) of 
thicknesses ranging from 200 to 250 µg/cm2 have been prepared by ultra high vacuum 
evaporation technique at VECC, Kolkata. The thickness of each target and individual 
Al-catcher foils has been estimated by weighing as well as by α-transmission method 
as discussed in the section 2.3.1. 
 
 The irradiation of 51V target along with the Al-catcher foils have been performed 
using stacked foil activation technique with 20Ne6+ ion beam in a specially designed 
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vacuum chamber at VECC, Kolkata at projectile energy 145 MeV. Stack of Al-
catcher foils were placed just after the respective targets, so that residues populated 
via CF and/or ICF may be trapped at various Al-catcher foils thicknesses. A typical 
target-catcher foils arrangement used for the FRRDs measurement of 51V is shown in 
Fig. 2.9. For the measurement of FRRD, it is quite essential that recoiling residues 
move in the forward cone or towards the Al-catcher foils placed in the forward 
direction. The target was placed in a stack consisting of 51V target followed by a    
 
 
Figure 2.9. The typical arrangement of 51V target with Al-catcher foils used for 
forward recoil range distribution (FRRD) measurement. 
 
series of thin Al-catcher foils to trap the recoiling residues. The 51V target was 
mounted with the Al support facing towards the incident beam followed immediately 
by a stack of 12 thin Al-catcher foils. The actual projectile energy on target has been 
estimated by calculating the energy loss in Al-backing of the target 51V. The 20Ne6+ 
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beam was collimated to a spot of diameter 8 mm and the stack was irradiated with a 
beam current varying between 15-20 nA for 11 hrs.  
2.4.2      Post irradiation analysis and identification of ERs 
After the irradiation, stack was taken out from the scattering chamber and target-
catcher foils were dismantled to count the activities induced in the individual 
irradiated target- catcher foils. The ERs populated via CF and/or ICF processes are 
expected to be trapped at different catcher foil thicknesses, depending upon the the 
individual irradiated catcher foils. The residual  -activities induced in each catcher-
foil was counted separately with increasing time using pre-calibrated high resolution  
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Figure 2.10. Typical  -ray spectrum of 51V foil irradiated with 20Ne ion beam at 
beam energy, Elab 145.0 MeV. Different peaks have been assigned to different 
reaction products populated through CF and/or ICF processes.   
 
HPGe detector coupled to a PC based data acquisition system available at VECC, 
Kolkata. A list of identified product nuclei populated in the 20Ne+51V reaction are 
shown in Table 2.2 along with their spectroscopic properties [8,9]. The several peaks 
which have been used for recoil range analysis are assigned to the different reaction 
products on the basis of their characteristic gamma ray energies and measured half-
lives. A typical γ-ray energy spectrum recorded after the irradiation of 51V target with 
20Ne ion beam at energy Elab 145 MeV is shown in Fig. 2.10.    
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 2.5   Formulation 
 
The irradiation of target foils with projectile beam will lead to the formation of 
excited compound nucleus through the CF and/or ICF processes. These compound 
nuclei will further decay to ground state via the emission of particle(s) and/or  -rays 
leading to the formation of various ERs. The reaction cross-section of a given ER is 
the measure of the probability of occurrence of a given nuclear reaction channel 
among the various possible reaction channels. Experimentally, ‘the cross-section of a 
given nuclear reaction may be defined as the number of events of a given type per unit 
area per unit target nucleus per unit time’.  
If ‘  ’ is the flux of incident beam, ‘ 0N ’  is the initial number of nuclei present in the 
target and r  is the activation reaction cross-section for a particular channel, the rate 
of formation of the activation product may be given by the following expression; 
                                        0 rN N                                      …(2.3)                             
The disintegration rate of the induced activity in a sample after a time ‘t’ from the 
stop of irradiation may be given by the expression; 
                              1 ( )N
( )
1exp λtdN
dt exp λt
    
 
                              …(2.4)  
where t1 is the irradiation time of the target and ‘ ’ is the decay constant of induced 
activity of the residual nucleus which is related with the half-life (T1/2) by the 
expression, 
                                         
1/2
ln 2
λ
T
                                        …(2.5) 
The factor  1 ( )1exp λt  is called the saturation correction. It should also be 
considered that the radioactive nuclei produced might also decay during the 
irradiation time. The number of radioactive nuclei decays in a very small time interval 
dt can be written as; 
                          1 ( ) ( )1 1dN = N exp λt exp λt dt    .                  …(2.6) 
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If the activity induced in the irradiated target is recorded for a time ‘t3’ after a lapse 
time ‘t2’ then the total number of nuclides decayed during the time ‘t2’ and ‘(t2  + t3)’ 
will be given by, 
                             
2 3
2
t t
t
C = dN

                                                 …(2.7) 
                              
2 3
2
1 ( ) ( )
t +t
1
t
C N exp λt exp λt dt                      …(2.8) 
                                1 ( )1 ( )
( )
3
1
2
exp λt
C N exp λt
λexp λt
 
                    …(2.9)                             
If the induced activity in the target is recorded by a suitable  -ray spectrometer of 
geometry dependent efficiency (ε.G), then the absolute counting rate ‘C’ and the 
observed counting rate ‘A’ may be related by;       
                                
( )
AC
ε.G θK
                                         …(2.10) 
where θ is the branching ratio of the characteristics  -ray, ‘K’ is the self absorption 
correction factor for the  -ray in the target and is given by, 
                           1 ( )exp µdK
d
 


                                      …(2.11) 
 where ‘  ’ is the  -ray absorption coefficient for the target and ‘d’ is the thickness of 
the target. Thus, the reaction cross-section ( )r E  of the ERs at a given energy E can 
be written as [11]; 
                      2
0 1 3
A exp( t ) ,
N .G K[1 exp( t )][1 exp( t )]
 
 
    
                …(2.12) 
 
where A is the number of counts under the photo-peak of the characteristic  -ray, λ   
is decay constant of the evaporation residues, N0  is number of the nuclei per unit area 
present in the target under investigation,  is the incident ion beam flux, 
 1 ( ) /K exp µd d     is the self-absorption correction factor for the material of the 
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target of thickness ‘d’  with absorption coefficient  . The correction factor for the 
decay of the induced activity due to delay time t2 between stop of irradiation and the 
start of counting is taken as [exp(  t2)] and the correction factor due to the decay of 
irradiated target during data accumulation time ‘t3’ is taken as [1-exp (- t3)]. During 
the irradiation, a factor [1-exp (- t1)] takes care of the decay of evaporation residue 
and is known as the saturation correction factor,  is the branching ratio of the 
characteristic  - ray, t1 is the time of irradiation of the target stack, t2 is the time  
lapsed between stop of irradiation and start of the counting of the individual target foil 
and t3 is the data accumulation time.  
 
A FORTRAN program EXP-SIGMA based on the above formulations has been used 
for the determination of the reaction cross-sections of the populated ERs in CF and 
ICF processes. The residual nucleus of a particular reaction may in general emit  - 
rays of more than one energy. In such cases, the cross-section for the same reaction is 
determined separately from the observed intensities of  - rays of different energies 
originating from the same residue. The weighted average of the cross-sections is taken 
as the final experimental value. The following formulation [11] has been used for 
determining the weighted average cross-sections:  
If , 1 2 3, , ,   ……… n  are the measured reaction cross-sections and 1 2 3, , ,    
…… , n   are the experimental errors respectively for same reaction due to different 
γ-rays, then 1 1 2 2 3 3, ,      ,……, n n   are the experimentally 
measured cross-sections for a given reaction due to different γ-rays. Therefore, the 
weighted average cross-section is determined as; 
 
                                    W
W
i i
i

  

                                  …(2.13) 
 where 21W ( )i i


. 
The internal error (I.E) is given by;  
                                  1/2I.E Wi

                                    …(2.14) 
Thus, the I.E depends only on the individual observation. 
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On the other hand external error (E.E) is given by  
                                   
1/22
iWE.E
( ) W
i
in n-1
  
 
  


                       …(2.15) 
which depends on difference between the observed and the mean value. Therefore, the 
I.E depends on the internal consistency whereas the E.E is a function of the external 
consistency of the observations. This error calculation was also incorporated in the 
program EXP-SIGMA, used for the computation of cross-sections at different 
energies [11]. 
2.6   Uncertainties in Measurements 
Various factors are responsible for arising error and uncertainty in the measured 
reaction cross-sections of the ERs. Some of the major sources of errors are as follows: 
 Fluctuation in the beam current leads to the variation in the flux. Proper care 
has been taken to keep the beam current constant. However, the error arising 
due to the fluctuation in beam current was found to be less than 2%.  
 Non-uniformity in the target thickness leads to the uncertainty in determining 
the number of nuclei present in the target foil. In order to check the uniformity 
of the target, the thickness of each target has been measured at the different 
positions by  -transmission method. The error in the thickness of the target 
comes out to be less than 3%.  
 Errors arising due to the uncertainty in geometry dependent detector 
efficiency, caused by statistical uncertainty in the counts under the peak and 
fitting, were estimated to be less than 5%.  
 The dead-time of the spectrometer was kept less than 10%, by suitably 
adjusting the target to detector distance.  
 Errors associated with the energy straggling of the ion-beam are estimated to 
be less than 2%. 
 
The overall error in the measured cross-section is estimated to be less than 20%.  
 
                                            ******************************* 
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Chapter 3 
Computer code  
In a compound nucleus reaction two nuclei fuse together to form an excited composite 
nucleus [1], which then decays either through the particle and/or γ-ray emission or by 
the process of fission. It has been shown that nucleus-nucleus fusion cross-sections 
can be predicted with a remarkable accuracy from simple, classical, two-body models. 
The basic ingredients of such models are a) the assumption of a frozen shape of the 
colliding nuclei during their approach, b) the assumption of a conservative two-body 
potential, and c) the assumption of frictional forces which allow the system to be 
trapped in a region of attractive interaction. The validity of this general approach 
appears to be well established by its success; however, disturbing ambiguities remain 
with respect to points (b) and (c) above. Formation of the compound nucleus is 
inhibited primarily by the electrostatic repulsion between the collision partners. At 
energies above the Coulomb barrier, the analysis of a complex interaction, such as the 
compound nucleus formation and its subsequent decay could be explained through the 
application of statistical theory. Various computer codes viz., PACE [2], CASCADE 
[3], ALICE91 [4] and SUMRULE [5] are available to perform such statistical model 
calculations. The PACE4 [6] code was chosen to be used in the present work since it 
is easily available and proved to be one of the most reliable and promising theoretical 
model for the compound nuclear reactions. In the following section, a brief 
description of the theoretical model code PACE4 is presented. 
 
3.1  PACE4 
The statistical model code Projection Angular Momentum Coupled Evaporation 
(PACE) [2] is a modified version of JULIAN [7], the Hillman–Eyal evaporation code 
using a Monte Carlo code coupling angular momentum. The program PACE has been 
ported to Windows from FORTRAN to C++ and incorporated [8] in the LISE++ 
package under the name PACE4 [6]. In the LISE++ framework the program PACE4 
has several new features:  
 
I. It has a user friendly interface, where the user can enter information in dialogs, 
in which the explanation for each parameter is displayed. A convenient output 
of results is available too; 
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II. There is a possibility to plot the calculated cross-sections using the LISE++ 
tools; 
III. The AME2003 database of recommended values [9] for binding energies can 
be used in the calculations; 
IV. There is also a possibility [10] to calculate a fusion cross-section below the 
Coulomb barrier in PACE4 using the quantum mechanical approach [11]. 
 
PACE4 uses  Monte Carlo procedure to determine the decay sequence of an excited 
nucleus using the Hauser Feshbach formalism. The main advantage of Monte Carlo 
calculations is to provide correlations between various quantities, such as particles 
and gamma-rays or angular distribution of particles. Sequential decays are considered 
until any further decay is prohibited due to the energy and angular momentum 
conservation laws. A random number selection determines the actual final state to 
which the nucleus decays to and the process is, then, repeated for other cascades until 
all the nuclei reach the ground state.  
The transmission coefficient for light particle emission (n, p, α) were determined 
using optical model potentials [12,13]. For ℓmax ≥ 65 fission can compete with 
particle emission [14-16]. In some of the experiments, where only the evaporation 
residues (ERs) cross-section has been measured, the input fusion cross-section was 
calculated using the method of Bass [17]. The ER cross-section is then determined by 
two other parameters: 
I. the ratio of level densities at the saddle point and at the ground state, 
II. the height of the fission barrier (which depends on the total spin [15,16]). 
 
Several important modifications were made to the PACE4 code in order to adopt it to 
the problems under consideration and to shorten its running time: 
I. The transmission coefficient for light particle (n, p, ) evaporation is obtained 
during the first step of deexcitation by a full optical model calculation. In 
subsequent stages of deexcitation the coefficients are obtained by 
extrapolation from the initial ones. 
II. A fission decay mode was added using a rotating liquid drop fission barrier 
routine [18]. 
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III. A special feature of the PACE4 code is its ability to provide information on 
energy and angular distributions of evaporated particles. This is obtained by 
tracking the distribution of projections through each cascade. Angular 
momentum projections are calculated at each stage of deexcitation which 
enables the determination of the angular distribution of the emitted particles. 
IV. A trace back feature has been included enabling determination of the decay 
chains and the region of the E-J plane leading to specific nuclei.  
 
The level density, (E, J) , used in calculation above ~ 5 MeV, is given by  
                1/20 rotE, J U 2J 1 exp{2[a(U E (J))] },                        …(3.1)     
where U E P and P  is the pairing energy. Erot (J) is obtained using Ref. [18]; 0 (U)  
was taken from the Gilbert and Cameron formalism [19]; at low energies their 
constant temperature formulae is used. Three parameters are involved in determining 
the various level density needed for the calculations: a) the “little-a” parameter, which 
is taken to be equal to A/K , where A is the number of nucleons and K is a constant 
factor involved in the particle evaporation calculation, b) the ratio /fa a  of the little-a 
parameters at the saddle point and ground state deformations and c) Bf the fission 
barrier which is taken to be a constant factor times the rotating liquid drop fission 
barrier.  The code could be run with a large number of events (50,000) to obtain better 
statistics for the energy and angular distribution of residual nuclei.    
 
The partial cross-section for CN formation at angular momentum (  ) and specific 
bombarding energy is given by   
 
                                
2
2 2 1 T4

  
 
                                …(3.2) 
where   is the reduced wavelength and T  is the transmission coefficient, given by 
                           
1
maxT 1 exp

         

                              …(3.3) 
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where   is the diffuseness parameter and max  is determined by the total fusion 
cross-section, F ,  since 
                                      F
0


   

                                       …(3.4) 
It may be pointed out that the code PACE4 performs only the statistical equilibrium 
model calculations and does not take pre-equilibrium (PE) and incomplete fusion 
(ICF) processes into consideration.   
 
3.2 Sub-barrier Fusion Cross-section 
The possibility to calculate sub-barrier fusion cross-section is available now in the 
PACE4. There is a brief introduction to the quantum mechanical approach used in the 
codes. For the study of fusion reactions below the Coulomb barrier, it is necessary to 
use the quantum-mechanical transmission probability instead of the classical solution 
to describe the experimental data. For a one dimensional barrier, it is assumed that the 
potential barrier can be replaced by a parabola:  
                               22 20 01 ,2B0V r V r-r                                …(3.5) 
where B0V  is the barrier height and   is a measure of the curvature of the s-wave 
potential barrier. The transmission probability can be calculated using Hill and 
Wheeler [20] formulation, given by  
 
                                                      
1
0
2 E
E 1 exp B0
V
T

    
      
.                                 …(3.6) 
In a completely classical treatment, T0 is unity above the barrier and zero below it, as 
shown in Fig. 3.1 Quantum mechanically the dT0(E)/dE delta function peak is 
broadened [21] as the transmission probability smoothly evolves from zero at the 
energies far below the barrier to unity for the energies far above the barrier. 
 
 It is possible to approximate the    dependence of the transmission probability at a 
given energy by simply shifting the energy [21];  
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Figure 3.1. Classical (on the left) Quantum mechanical (on the right) 
transmission probabilities for a one dimensional potential barrier. 
                    
                         
 
2
0 2
( 1)E ,
2 R E
T T
    
  

                                    …(3.7) 
where µR
2
(E) characterizes an effective moment of inertia. Approximating R(E) by r0 
and inserting the penetration probability for the parabolic barrier, one obtains an 
approximate expression for the cross-section [22]: 
 
                  
2
B00 2 EE log 1 exp .
2E
Vr      
       


                     …(3.8) 
In the classical limit,where 0  or E>> ,B0V Equation 3.8 reduces to the standard 
geometrical result:  
                          20E 1 .E
B0Vr      
 
                                    …(3.9) 
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The user can choose the calculation method of the transmission probability for a potential 
barrier in the “Card 2-1” dialog in the PACE4 code. The default value of the curvature 
parameter is equal to 3 MeV.    
 
                                        ******************************* 
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Chapter 4 
Measurement of Excitation Function 
The measurement of the excitation function (EF) has been proved to be an important 
tool in fetching information regarding the mode of formation of the ERs. Moreover, a 
measurement of EFs is also helpful in confirming the usefulness of the statistical 
model code and in the verification of the validity of the parameters derived from the 
study of the emitted particles [1]. In order to study the complete fusion (CF) and 
incomplete fusion (ICF) in nuclear reactions induced by 20Ne beam, several 
experiments were performed for measuring the EFs in a wide energy range. The 
systems studied for the EFs measurements are listed in Table 4.1.  The experimentally 
measured EFs of the populated ERs, given in Tables 4.2-4.7, were compared with the 
theoretical values predicted by the statistical model code, PACE4 [2], shown in 
Figs.4.1-4.11. It is to be noted that the statistical model code, PACE4 does not take 
incomplete fusion (ICF) reactions into account, so the observation of an enhancement 
in the experimental value over the theoretical model code prediction is attributed to 
the presence of ICF component in the given reaction channel [3,4]. Contribution 
arising from the decay of higher charge precursor isobar to the various residues 
populated in  20Ne + 51V, 20Ne + 93Nb and 20Ne + 165Ho reactions is discussed in 
section 4.1. Details regarding the measurement of the EFs of the ERs populated in the 
20Ne + 51V reaction are given in section 4.2. Section 4.3 gives the details of the ERs 
populated in the course of bombardment of the 20Ne projectile over the 93Nb target, 
whereas in section 4.4 the EFs of the ERs populated in the 20Ne + 165Ho reaction are 
discussed.  
 
Table 4.1. Some general information about the systems used for the study of 
excitation function.  
SI. No. Projectile Target Energy Range (MeV) Fusion Barrier (MeV) 
1. 20Ne 51V 82-145 32.33 
2. 20Ne 93Nb 91-145 53.59 
3. 20Ne 165Ho 90-145 80.48 
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4.1    Precursor Decay Contributions 
 
In heavy ion interaction at the energy range of 4-7 MeV/nucleon, some of the 
evaporation residues were found to get populated directly while some of the residues 
were found to get populated through the decay of higher charge precursor isobar 
through the β+ emission and/or electron capture (EC) process, giving rise to 
cumulative cross-section. The cumulative cross-section of a given evaporation residue 
is the sum of  (i) the independent production cross-section, and (ii) the cross-section 
for the independent  production of its precursor isobar multiplied by a numerical 
coefficient, which may be greater than unity. The cumulative cross-section of the 
evaporation residues, having contribution from the decay of higher charge precursor 
isobar, can be measured after the complete decay of the precursor isobars, if the half-
life of the precursor is considerably smaller than the daughter nuclei under 
investigation. In these cases, the activities have been measured at times greater than 
seven to eight half-life of the precursor. As suggested by Cavinato et al. [5], the 
isobaric decay of the parent nuclei P to the daughter nuclei D i.e. P → D is given by, 
                         D D PF .ind cum pre pre                                …(4.1) 
where Fpre is the precursor coefficient which depends on the branching ratio and half-
life of the parent and daughter nuclei as, 
                           
D
1/2
D P
1/ 2 1/ 2
TF P *
T Tpre pre


                                              …. (4.2) 
Here, D1/2T  and 
P
1/2T  are the half-lives of daughter and precursor parent nuclei, 
respectively and Ppre is the branching ratio. The values of D1/2T , 
P
1/2T and Ppre are taken 
from the Ref. [6]. On substituting the values of Fpre from eq. (4.2) into eq. (4.1), the 
expression for the independent cross section of the daughter nuclei will take the form, 
               
D
D D P1/2
D P
1/2 1/2
TP ( )
T Tind cum pre ind
    

                             …. (4.3) 
The value of Pind  is obtained from the statistical model code, PACE4 [2] at each 
incident energy.  
Evaporation residues 66Ga, 61Cu, 60Cu and 63Zn, populated through the αn, 2α2n, 2α3n 
and αp3n channels, respectively, in the interaction of 20Ne projectile with the 51V 
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target were found to have precursor contributions from their higher charge isobars. 
The independent cross-section of these residues was obtained by separating the pre-
cursor contribution using the formulation given in equation 4.3. The independent 
yields of these residues were tabulated in Tables 4.2 and 4.3 and plotted in Figs. 4.2 
and 4.3. 
In the excitation function measurement for the 20Ne + 93Nb system, evaporation 
residues 109In (α), 108In (αn) and Ag (2α2n) were found to have precursor 
contributions arising from their higher charge isobars. The independent yield of these 
residues was also obtained using the formulation given in eq.4.3 and tabulated in 
Tables 4.4 and 4.5 and plotted in Figs. 4.5 and 4.6.  
Similarly, in the case of excitation function measurement for the 20Ne + 165Ho system, 
evaporation residues 182Os (p2n), 177W (αp3n), 181Re (α), 173Hf (2αp3n) and 174Ta 
(2α3n) were get populated through the decay of their higher charge isobar precursor. 
The independent yield of these residues are tabulated in Tables 4.6 and 4.7 and plotted 
in Figs. 4.8-4.10.  
4.2    Excitation Functions for the 20Ne + 51V System      
                     
EFs of ten radionuclides, namely 67Ge(p3n), 66Ge(p4n), 66Ga(n), 61Cu(2α2n), 
60Cu(2α3n), 61Co(2α2p), 56Mn(3α2pn), 55Co(3α4n), 62Zn(αp4n) and  63Zn(αp3n) 
populated through the CF and/or the ICF processes in the 20Ne + 51V interaction at the 
energies of 4-7 MeV/nucleon have been measured. The populated ERs, on the basis of 
emission of particles from the excited compound system, can be classified into pxn 
and   emitting channel residues. The experimentally measured reaction cross 
sections of the ERs populated in the 20Ne + 51V reaction are given in Tables 4.2 and 
4.3.   
4.2.1  pxn channels 
Complete fusion of the 20Ne projectile with the 51V target leads to the formation of an 
excited compound nucleus, 71As*, which further decay to its ground state via the 
emission of nucleons and/or  -particles along with the characteristic  -rays. The 
dominant evaporation mode through the emission of neutrons and protons from the 
excited compound system 71As* was found to be pxn channel, leading to the formation   
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Table 4.2. Experimentally measured reaction cross sections of the ERs 67Ge, 
66Ge, 66Ga, 61Cu and 60Cu.  
Elab 
(MeV) 
67( Ge)  
(mb)   
66( Ge)  
(mb) 
66( Ga)  
(mb) 
 61( Cu)  
(mb) 
60( Cu)  
(mb) 
82.9  1.2 53.9 2.4 1.1 0.04 40.2 1.6 141.5 5.6 − 
97.9 1.5 15.2 0.5 11.8 0.4 133.2 5.3 84.5 5.1 36.2 1.5 
110.9 1.6 
122.5 2.6 
133.5 2.4 
145.0 2.9 
4.6 0.2 
1.5 0.09 
0.5 0.02 
− 
8.5 0.4 
4.1 0.2 
1.6 0.08 
0.4 0.01 
120.5 6.5 
95.7 4.7 
114.2 5.4 
145.8 8.7 
64.3 3.1 
97.6 4.9 
120.5 5.1 
167.5 4.6 
79.8 3.6 
68.3 2.5 
49.7 2.6 
38.4 1.6 
 
of the ERs 67Ge and 66Ge through the p3n and p4n channels, respectively. The 
experimentally measured EFs of the ERs 67Ge and 66Ge along with their theoretical 
values, predicted by the statistical model code, PACE4, have been plotted as shown in 
Fig. 4.1(a-b). As can be seen from these figures, there exists a good agreement 
between the theoretical and the experimental EFs, suggesting the population of 67Ge 
and 66Ge residues through the de-excitation of fully equilibrated compound nucleus 
formed through the CF of the 20Ne projectile with the 51V target. The systematic for 
the formation of 67Ge and 66Ge residues through the CF process may be given as; 
                                                              
20 51 71 *
71 * 67
71 * 66
Ne V As
As Ge
As Ge
p3n
p4n
 
 
 
 
As it has already been discussed in chapter 3, the level density parameter (K) in the 
statistical model code, PACE4 plays an important role in reproducing the EFs of the 
ERs populated through the CF channels. In order to obtain a best fit of the EFs of ERs 
populated through the CF channels, the level density parameter in the PACE4 
calculation was varied from K = 8 to 12 in the step of 2 (i.e. K = 8, 10, 12) as 
suggested by Kataria et al. [7] and Fabris et al. [8]. It was found that the EFs of the 
ERs populated through the CF channel in the 20Ne + 51V reaction are best reproduced      
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Figure 4.1. Experimentally measured EFs of ERs (a) 67Ge(p3n) and (b) 66Ge 
(p4n) are compared with the PACE4 predictions for different values of level 
density parameter (K = 8, 10, 12). 
   
at K = 8 (Fig. 4.1). The same value of the level density parameter is further used in 
the analysis of ERs populated through the  emitting channels. 
 
 
4.2.2   emitting channels  
In the 20Ne + 51V reaction, a total of eight ERs are found to get populated through the 
  emitting channel. The ERs populated through   emitting channels have the 
possibility of getting populated through the CF as well as the ICF processes. The EFs 
of the ERs populated through the   emitting channels have been plotted as shown in 
Figs. 4.2 and 4.3. As can be seen from these figures, there is a significant 
enhancement in the experimentally measured EFs over the corresponding theoretical 
values, predicted by the statistical model code, PACE4. The level density parameter K 
= 8, which gives the best fit to the EFs of the ERs populated through the CF channel, 
has been used for the PACE4 calculations of ERs populated through the   emitting 
channels. The degree of enhancement varies from residues to residues as well as with 
the incident energy of the projectile. The observed variation in the enhancement of the 
experimental EFs over the theoretical one suggests that ERs populated through 
 emitting channels have contributions arising from the CF as well as the ICF proc- 
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 Table 4.3. Experimentally measured reaction cross sections of ERs 61Co, 56Mn, 
55Co, 63Zn and 62Zn.  
Elab 
(MeV) 
61( Co)  
(mb)   
56( Mn)  
(mb) 
55( Co)  
(mb) 
63( Zn)  
(mb) 
62( Zn)  
(mb) 
   82.95  1.2 − − − 35.7 1.8 − 
97.9 1.5 9.1 0.5 − − 169.6 11.2 3.1 0.1 
110.9 1.6 
122.5 2.6 
133.49 2.4 
145.0 2.9 
5.3 0.2 
7.3 0.4 
11.2 0.5 
2.6 0.5 
2.4 0.1 
10.2 0.6 
19.3 1.1 
29.4 1.3 
− 
− 
6.5 0.4 
15.1 0.9 
128.9 6.5 
115.6 6.4 
63.4 3.4 
57.3 3.3 
9.7 0.5 
41.3 1.2 
96.6 5.8 
80.8 2.9 
 
 
esses. The degree of enhancement in the EFs of the ERs populated through the   
emitting channels over the PACE4 values, which do not take ICF reactions into 
account while calculating the fusion cross sections, is attributed to the contribution 
arising from the ICF process.  Weakly bound   cluster projectile like 20Ne have a 
high probability to undergo break-up fusion reactions [9]. Relatively low break-up 
threshold energy ( B.UE ) of 
20Ne makes it more susceptible to the break-up process 
which leads to the ICF reaction [10]. Under the influence of the target’s nuclear field, 
the 20Ne projectile is expected to break-up into 16O +   or 12C + 2 (8Be). As an 
example, interplay between the CF and the ICF processes in the population of 61Cu 
residue through 2 2n channel can be given by three different decay modes:  
 
4.2.2.1 CF process: Complete fusion of the 20Ne projectile with the 51V target leads 
to the formation of an excited intermediate compound nucleus 71As* which further 
decay via the emission of 2 2n  channel leading to the formation of the ER 61Cu as; 
 
                                                             
20 51 71 *
71 * 61
Ne V As
As Cu 2 2n
 
   
 
 
4.2.2.2   ICF  process: In the ICFα process, the 20Ne projectile is expected to break-
up into 16O + α under the influence of the target’s nuclear field. 16O then fuses with  
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Figure 4.2. The excitation function of ERs (a) 66Ga, (b) 63Zn, (c) 62Zn and (d) 61Cu 
populated through n( ) , p n( 3 ) , p n( 4 )  and n(2 2 )  channels, respectively in 
the 20Ne + 51V reaction.    
 
 
 
the 51V target leading to the formation of an incompletely fused compound system 
67Ga*, while the α particle keeps on moving along the beam direction as a spectator. 
The excited compound nucleus further decays through the α2n channel leading to the 
formation of ER 61Cu as; 
 
                             
20 16 51 67 *
67 * 61
Ne ( O ) V Ga
( as a spectator)
Ga Cu 2n
    

  
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Figure 4.3. The excitation function of ERs (a) 60Cu, (b) 61Co, (c) 56Mn and (d) 
55Co populated through n(2 3 ) , p(2 2 ) , pn(3 2 )  and ( )n3 4  channel, 
respectively in the 20Ne + 51V reaction.    
 
                                                                            
4.2.2.3  2ICF   process: In the ICF2α process, 12C formed through the break-up of the 
20Ne projectile (20Ne → 12C + 2α) under the influence of the target’s field, fuses with 
the 51V target and forms the excited compound system 63Cu*, while the 2α (8Be) 
moves along the beam direction as a spectator. The excited compound system 63Cu* 
further decays via the emission of 2n leading to the formation of 61Cu as; 
                                 
12 51 63 *20
63 * 61
Ne( C 2 ) V Cu 2
Cu Cu 2 2
(2 as a spectator)
n +
     
  

  
                          
In the same way the production of the remaining α emitting ERs populated through 
the CF and/or ICF processes in the interaction of the 20Ne projectile with the 51V 
target at energy 4-7 MeV/nucleon, may be explained.  
  
Measurement of Excitation function 
55 
 
4.3 Excitation Functions for the 20Ne + 93Nb System 
In the interaction of the 20Ne projectile with the 93Nb target at the energies of 4-7 
MeV/nucleon, a total of  twelve residues, namely 109Sn(p3n), 108Sn(p4n), 105Cd(αp3n), 
104Cd(αp4n), 109In(α), 108In(αn), 107In(α2n), 105In(α4n), 103Ag(2α2n), 101Pd(2αp3n), 
100Rh(3αn) and 98Rh(3α3n) were found to get populated through the CF and/or the 
ICF processes. The experimentally measured reaction cross sections of the ERs 
populated in the 20Ne + 93Nb reaction are given in Tables 4.4 and 4.5  
4.3.1    pxn channels 
The EFs of the ERs 109Sn and 108Sn, populated through the p3n and p4n channels in 
the interaction of 20Ne + 93Nb at the energies of 91-145 MeV, are  shown in Fig. 
4.4(a-b), respectively. As can be seen from these figures, the experimental data points 
are in good agreement with the theoretical values predicted by the statistical model 
code, PACE4 for K = 8, suggesting their origin through the CF process. The reaction 
mechanism for the formation of 109Sn and 108Sn through the CF process may be given 
as; 
                                                          
20 93 113 *
113 * 109
113 * 108
Ne Nb Sb
Sb Sn 3
Sb Sn 4
p n
p n
 
 
 
 
  
Table 4.4. Experimentally measured reaction cross sections of the ERs 109Sn, 
108Sn, 105Cd, 104Cd, 109In and 108In. 
Elab 
(MeV) 
109( Sn)  
(mb)   
108( Sn)  
(mb) 
105( Cd)  
(mb) 
104( Cd)  
(mb) 
109( In)  
(mb) 
108( In)  
(mb) 
91.6  2.0 241.3 28.5 118.4 11.7 32.3 2.9 11.7 1.5 68.5 6.7 65.4 8.5 
100.9 2.1 76.8 8.5 224.1 22.3 176.3 15.3 36.2 3.4 22.5 2.1 219.5 24.1 
112.8 2.2 
124.1 2.3 
134.8 1.9 
145.0 1.8 
5.3 0.8 
0.36 0.05 
− 
− 
147.6 15.1 
34.5 3.5 
4.1 0.4 
0.5 0.06 
332.5 32.8 
188.1 18.6 
186.5 19.4 
96.4 9.8 
167.4 17.2 
356.0 33.8 
376.9 37.3 
309.2 32.4        
11.3 1.1 
8.2 0.7 
7.8 0.6 
5.3 0.4       
257.7 31.6 
145.2 15.9 
120.6 13.8 
44.7 4.8 
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Figure 4.4. Experimentally measured EFs of ERs (a) 109Sn(p3n) and (b) 108Sn 
(p4n) are compared with the PACE4 predictions for different values of level 
density parameter (K = 8, 10, 12). 
   
4.3.2     emitting channels  
In the 20Ne + 93Nb interaction at the given energy, a total of ten ERs were found to get 
populated through the   emitting channel. The EFs of these ERs are given in Figs. 
4.5−4.7. As can be seen from these figures, the experimental data points show a 
significant enhancement over the theoretical values predicted by the statistical model 
code,PACE4. This enhancement in experimental values over the theoretical prediction  
 
Table 4.5. Experimentally measured reaction cross sections of  the ERs 107In, 
105In, 103Ag, 101Pd, 100Rh and 98Rh.  
Elab 
(MeV) 
107( In)  
(mb) 
105( In)  
(mb) 
103( Ag)  
(mb) 
101( Pd)  
(mb) 
100( Rh)  
(mb) 
98( Rh)
(mb) 
 91.6  2.0 69.8 7.1 8.1 0.9 99.5 11.6       3.6 0.3 2.4 0.3      2.6 0.1 
100.9 2.1 104.5 9.1 51.3 4.8 56.6 5.1      7.6 0.6 5.4 0.5     6.1 0.5  
112.8 2.2 
124.1 2.3 
134.8 1.9 
145.0 1.8 
154.6 13.6 
344.6 34.3 
387.4 39.2 
278.6 28.2 
64.4 8.3 
71.4 7.3 
93.1 9.4 
82.1 7.9 
47.2 5.1 
75.9 8.4 
152.5 15.3 
394.7 40.3        
28.3  2.9 
116.2 12.3     
184.6 19.2      
193.5 19.8        
8.6 0.9 
11.4 1.1 
18.5 2.1 
72.9 5.8        
12.8 1.3 
38.2 3.9 
57.9 6.1 
61.7 6.7 
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indicates the contributions of the ICF process in the formation of the ER populated 
through the  emitting channels. Thus, the ERs populated through the   emitting 
channels have contributions arising from the CF, ICFα and ICF2α processes. As an 
example, the interplay between the CF, ICFα and ICF2α processes in the formation of 
the ER 100Rh through the 3αn channel may be given as;    
4.3.2.1  CF process: CF of 20Ne projectile with the 93Nb target leads to the formation 
of an excited intermediate compound system 113Sb*, which further decays to 100Rh 
through the  emission of 3αn; 
                                                       
20 93 113 *
113 * 100
Ne Nb Sb
Sb Rh 3 n
 
   
 
 
4.3.2.2    ICFα process: In the vicinity of the 93Nb target, the 20Ne projectile is 
expected to break-up into 16O + α, 16O further fuses with the 93Nb target leading to the   
formation  of an incompletely fused compound system 109In*, whereas α particle keeps 
on moving along the beam direction as a spectator; 
 
                                                  
20 16 93 109 *
109 * 100
Ne( O ) Nb In
( as a spectator)
In Rh 2 n
     

   
 
 
4.3.2.3   ICF2α process: Under the influence of the target’s nuclear field, the 20Ne 
projectile is expected to break-up into 12C + 2α (8Be). 12C further fuses with the 93Nb 
target leading to the formation of an incompletely fused compound system, 105Ag* 
through the ICF2α process, whereas 2α (8Be) keeps on moving in the forward direction 
as a spectator;  
 
                                                  
20 12 93 105 *
105 * 100
Ne ( C 2 ) Nb Ag 2
(2 as a spectator)
Ag Rh n
     

   
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Figure 4.5. Experimentally measured EFs of the ERs (a) 105Cd(αp3n) and (b) 
104Cd (αp4n)  (c) 109In(α) and (d) 108In(αn) are compared with the PACE4 
predictions for the level density parameter K = 8.                                
 
4.3.2.4   ICF3α process: In the ICF3α process, the 20Ne projectile is expected to break-
up into 8Be + 3α (12C). 8Be further fuses with the 93Nb target leading to the formation 
of an incompletely fused composite system, 101Rh*, whereas 3α (12C) keeps on 
moving along the beam direction as a spectator;  
 
                                            
20 8 93 101 *
101 * 100
Ne ( Be 3 ) Nb Rh 3
(3 as a spectator)
Rh Rh n
     

 
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Figure 4.6. Experimentally measured EFs of the ERs (a) 107In(α2n), (b) 
105In(α4n), (c) 103Ag(2α2n) and (d) 101Pd(2αp3n) are compared with the PACE4 
prediction for the level density parameter, K = 8. 
 
In the similar way, the formation of the ERs 105Cd(αp3n), 104Cd(αp4n), 109In(α), 
108In(αn), 107In(α2n), 105In(α4n), 103Ag(2α2n), 101Pd(2αp3n) and 98Rh(3α3n)  
populated through the CF and/or ICF processes, may be explained.   
  
4.4  Excitation Functions for the 20Ne + 165Ho System  
 
In the 20Ne induced reaction on the 165Ho target at energies of 4-7 MeV/nucleon, 
fourteen radionuclides were found to get populated through the CF and/or the ICF 
processes. Out of these, four radionuclides were found to get populated through the 3n 
and pxn (x = 2,3,5) channel leading to the formation of 182Ir and 182,181,179Os isotopes, 
whereas rest ten radioisotopes were found to get populated through the α emitting  
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Figure 4.7. Experimentally measured EFs of the ERs (a) 100Rh(3αn) and (b) 98Rh 
(3α3n) are compared with the PACE4 predictions for the level density 
parameter, K = 8.  
 
channels leading to the formation of 177W(αp3n), 176W(αp4n), 181Re(α), 179Re(α2n), 
178Re(α3n), 177Re(α4n), 173Hf(2αp3n), 175Ta(2α2n), 174Ta(2α3n) and 173Ta(2α4n). EFs 
of residues populated through the 20Ne + 165Ho reaction were also studied by D. Singh 
et al. in the energy range of 88-164 MeV [11]. However, D. Singh et al. have only 
studied the dependence of ICF fraction on the mass-asymmetry of the projectile target 
system and uses the code, PACE2 for the statistical model calculations. Thus, in order 
to elaborate the dependence of ICF fraction on other entrance channel parameters, 
20Ne + 165Ho system is studied in the energy range of 90-145 MeV. As mentioned 
earlier, statistical model calculation is performed by using the code, PACE4, which is 
the modified version of code PACE2. The data set of D. Singh et al. [11], in general 
agrees well with the present work for α-emitting channels while for pxn channels it is 
higher in the high energy region. Moreover, the EF of 179Os (p5n) residue is reported 
here for the first time. The present work not only supplement the data of earlier work 
[11] but it also provides a new cross section data base .The experimentally measured 
reaction cross sections of the ERs populated in the 20Ne + 165Ho reaction are given in 
Table 4.6 and 4.7.  
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Table 4.6. Experimentally measured reaction cross sections of the ERs 181Os, 
182Os, 179Os, 182Ir, 177W, 176W and 181Re. 
 
4.4.1   pxn channels  
The bombardment of the 20Ne projectile on the 165Ho target at beam energy 
sufficiently above the Coulomb barrier leads to the formation of an excited compound 
system, 185Ir* which further decays to its ground state via the emission of neutrons and 
protons leading to the formation of the ERs 182Ir, 182Os, 181Os and 179Os through the 
3n, p2n, p3n and p5n channels, respectively. Fig. 4.8(a-d) shows the experimentally 
measured as well as the theoretically calculated EFs of the residues populated through 
the xn (x = 3) and pxn (x = 2,3,5) channels.  In order to identify the correct level 
density parameter for the analysis of populated residues, different values of free 
parameter K (K = 8, 10, 12) have been tested and are shown in Fig. 4.8. It can be 
inferred from Fig. 4.8(a-d) that the experimental data points are in good agreement 
with the corresponding theoretical values predicted by the statistical model code, 
PACE4 with K=8. As mentioned earlier, the PACE4 code calculates the reaction 
cross-section by taking into account only the CF process. Thus, the agreement 
between the experimental and the PACE4 calculated values suggests the formation of 
pxn (x = 2,3,5) channel residues through the CF process only. The reaction 
mechanism for the formation of the ERs 182Ir, 182Os, 181Os and 179Os through the CF 
process may be given as; 
  
  Elab 
(MeV) 
181( Os)  
(mb)   
182( Os)  
(mb) 
179( Os)  
(mb) 
182( Ir)  
(mb) 
177( W)  
(mb) 
176( W)  
(mb) 
181( Re)  
(mb) 
90.2  2.1 1.15 0.1 0.35 0.02 − 0.5 0.11 1.6 0.1 0.2 0.02 0.45 0.03 
98.4 2.0 15.1 1.8 0.8 0.08 − 1.2 0.15 3.24 0.4 0.6 0.05 1.31 0.15 
108.2 1.8 
121.9 1.4 
132.6 1.1 
145.0 1.2 
7.4 0.8 
0.19 0.02 
− 
− 
0.1 0.01 
− 
− 
− 
5.10 0.4 
131.9 11.5 
92.5 9.1 
8.3 0.9 
0.3 0.03 
− 
− 
− 
 
10.2 1.1 
84.5 8.1 
52.3 4.8 
71.2 6.2        
5.5 0.5 
51.8 5.0 
119.2 10.1  
131.5 12.5      
12.2 1.1 
24.7 2.2 
12.5 1.1 
4.8 0.3 
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Figure 4.8. Experimentally measured EFs of ERs (a) 182Ir(3n), (b) 182Os(p2n), (c) 
181Os(p3n) and (d) 179Os(p5n) populated in the 20Ne + 165Ho reaction are 
compared with the PACE4 predictions for different value of level density 
parameter. 
 
Table 4.7. Experimentally measured reaction cross sections of the ERs 179Re, 
178Re, 177Re, 173Hf, 175Ta, 174Ta and 173Ta.  
Elab 
(MeV) 
179( Re)  
(mb)  
178( Re)  
(mb) 
177( Re)  
(mb) 
173( Hf )  
(mb) 
175( Ta)  
(mb) 
174( Ta)  
(mb) 
173( Ta)
       (mb) 
90.2  2.1 0.9 0.02 8.0 0.7 10.6 1.1 − − − − 
98.4 2.0 1.4 0.15 32.2 3.1 31.2 2.9 − 2.1 0.2 1.2 0.1 −   
108.2 1.8 
121.9 1.4 
132.6 1.1 
145.0 1.2 
12.6 1.2 
73.4 7.9 
132.5 12.5 
124.3 10.2 
26.9 2.1 
62.1 6.2 
51.6 5.01 
52.4 4.8 
85.6 8.4 
87.0 7.6 
156.7 15.2 
145.8 14.2 
− 
2.2 0.2 
4.2 0.4 
11.6 1.1        
5.2 0.5 
27.3 2.1 
− 
−       
2.2 0.1 
9.8 0.8 
57.2 5.2 
131.2 12.3 
2.7 0.3 
5.4 0.5 
10.5 1.1 
13.6 1.3 
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Figure 4.9. Experimentally measured EFs of the ERs (a) 177W (p3n), (b) 
176W (p4n), (c) 181Re ( ) and (d) 179Re (2n) populated in the 20Ne + 165Ho 
reaction are compared with the PACE4 predictions for the level density 
parameter, K = 8. 
 
                                                          
20 165 185 *
185 * 182
185 * 182
185 * 181
185 * 179
Ne Ho Ir
Ir Ir 3
Ir Os 2
Ir Os 3
Ir Os 5
n
p n
p n
p n
 
 
 
 
 
 
 
4.4.2     emitting channels  
In the interaction of the 20Ne projectile with the 165Ho target at energies of 90-145 
MeV, a total of ten ERs were found to get populated through the α emitting channels. 
Measurement of Excitation function 
64 
 
The EFs of these ERs (Figs. 4.9-4.11) shows an appreciable enhancement over the 
theoretical  values predicted by  the statistical model code, PACE4. Since  the  code,  
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Figure 4.10. Experimentally measured EFs of the ERs (a) 178Re(3n), (b) 
177Re(4n), (c) 175Ta(22n) and (d) 173Hf (2p3n),  populated in the 20Ne + 
165Ho reaction are compared with the PACE4 predictions for the level density 
parameter, K = 8. 
 
PACE4 does not take ICF reactions into account, so any enhancement over the 
PACE4 values is attributed to the contribution arising from the ICF process. Thus, the 
ERs populated through the α emitting channel have contributions arising from the CF 
as well as the ICF processes. As an example, the formation mechanism of the ER 
175Ta (2α2n) through the CF, ICFα and ICF2α processes may be given as;  
 
4.4.2.1 CF process: CF of 20Ne projectile with the 165Ho target leads to the formation 
of an excited intermediate compound system 185Ir*, which further decays to its ground  
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state via the emission of neutrons and protons along with the characteristic gamma 
rays. The formation of the ER 175Ta from the excited compound system 185Ir* through 
the 2α2n channel may be given as; 
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      Figure 4.11. Experimentally measured EFs of ERs (a) 174Ta (23n)  (b)  173Ta 
(24n) populated in the 20Ne + 165Ho reaction are compared with the PACE4 
predictions for the level density parameter, K = 8. 
 
 
                                                         
20 165 185 *
185 * 175
Ne Ho Ir
Ir Ta 2 2n
 
   
                                                 
 
4.4.2.2 ICFα process: In the ICFα process, the incident projectile 20Ne is expected to 
break-up into 16O + α. 16O fuses with the 165Ho target leading to the formation of an 
incompletely fused compound system 181Re* whereas α particle keep on moving along 
the beam direction as a spectator. The reaction mechanism involved in the formation 
of the ER 175Ta through the ICFα may be given as; 
                                                
20 16 165 181 *
181 * 175
Ne ( O ) Ho Re
( as a spectator)
Re Ta 2n
     

   
 
 
 
4.4.2.3 ICF2α process: The ICF2α process involves a break-up of the 20Ne projectile 
into 12C + 2α (8Be) under the influence of the target’s nuclear field. 12C fuses with the 
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165Ho target leading to the formation of an incompletely fused composite system 
177Ta* through the ICF2α process, whereas 2α (8Be) particle keeps on moving along  
the forward direction as a spectator. The detailed mechanism regarding the formation 
of ER 175Ta through the ICF2α process may be given as; 
 
                                       
20 12 8 165 177 * 8
8
177 * 175
Ne ( C 2 ( Be)) Ho Ta 2 ( Be)
(2 ( Be) as a spectator)
Ta Ta 2n
     

 
 
 
In the similar manner, the production of the remaining ERs 177W(αp3n), 176W(αp4n), 
181Re(α), 179Re(α2n), 178Re(α3n), 177Re(α4n), 173Hf(2αp3n), 174Ta(2α3n) and 
173Ta(2α4n) populated through the CF and/or the ICF processes, can also be 
explained.  
 
                                            *********************** 
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Chapter 5 
Measurement of Forward Recoil Range Distribution 
Measurement of the forward recoil range distribution (FRRD) of the evaporation 
residues (ERs), formed through the complete fusion (CF) and/or the incomplete fusion 
(ICF) of the projectile with the target nucleus, was proved to be an important tool in 
determining the extent of contributions arising from each of the two processes in the 
population of a given residue [1,2]. In order to conserve the linear momentum, the 
excited intermediate compound system, forms either through the CF and/or the ICF 
processes, recoils along the forward direction in the Al-catcher medium. The extent of 
recoil range of the intermediate compound system in the Al-catcher medium depends 
upon the degree of linear momentum transferred from the projectile to the target in the 
course of collision between them [3]. In the case of the CF process, the degree of 
linear momentum transferred from the incident projectile to the target is maximum 
owing to the fusion of total mass of the incident projectile with the target whereas in 
the case of the ICF process, the transfer of linear momentum from the projectile to the 
target is essentially proportional to the mass of the fusing fragment [4]. Thus, on the 
basis of the measurement of FRRD of the intermediate compound system, the degree 
of contribution arising from the CF and/or the ICF processes in the population of a 
given ER can be easily inferred.  
 
In order to examine the degree of relative contributions arising from the CF and/or the 
ICF processes in the population of a given ER in heavy ion induced reactions, the 
measurement of FRRD has been carried out. Moreover, the measurement of FRRDs 
also serves as a complementary experiment to confirm the findings of the results 
deduced from the measurement of excitation functions of the ERs populated through 
the same heavy ion induced reaction at the same lab energy. In the present work, a 
total  of eight ERs, namely 67Ge(p3n), 66Ge(p4n), 65Ga( 2n), 63Zn(αp3n), 62Zn(αp4n), 
61Cu(2α2n), 61Co(2α2p) and 60Cu(2α3n)  were found to get populated through the CF 
and/or the ICF processes in the 20Ne + 51V reaction at Elab145 MeV. The FRRD of 
the populated ERs represents the velocity distribution of the intermediate compound 
system in the Al-catcher medium. For an intermediate compound system, formed 
through the CF process, the conservation of linear momentum gives the recoil 
velocity, 0ν  as [5];  
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                                                0 CN
2 E
V p
com
m
ν
M
                                      … (5.1) 
where VCN is the velocity of compound nucleus, mp and Mcom are the masses of the 
projectile and compound nucleus, respectively, and E is the energy of the incident 
projectile in the lab frame. For a product formed through the evaporation of nucleons 
or α-particles from the recoiling intermediate compound system, the velocity 
distribution will be symmetric about 0ν , with a width which depends upon the number 
of evaporated particles. The linear momentum imparted to the populated ICF residues 
is always  less than the linear momentum carried by the incident projectile, because a 
fraction of incρ is taken away by the spectator.The linear momentum transferred ( LMTρ ) 
to the intermediate compound system by a fusing fragment of mass Mf  emerging from 
the incident projectile of mass Mp and linear momentum incρ is given by [6], 
                                     LMT
M
M
f
incp
                                              …. (5.2) 
As it is evident from equation 5.2, the fraction of linear momentum transferred to the 
projectile is proportional to the mass of the fusing fragment of the projectile. This is a 
direct and most reliable method to separate out the full and partial linear momentum 
transfer event corresponding to the CF and ICF processes, respectively. The FRRD of 
the populated ERs have been obtained by plotting the normalized yield, obtained by 
dividing the cross section of the reaction product (in mb) in each catcher foil by the 
thickness (in mg/cm2) of the corresponding catcher foil, against the cumulative 
thickness of Al-catcher foils (in 2g / cm ). The ERs populated through the CF and/or 
ICF process can be identified by their characteristic forward recoil range distribution 
in the stopping medium. It is to be noted that the emission of particle(s) is likely to 
change the energy or linear momentum of the residues recoiling in the forward 
direction. This change in energy or linear momentum of the recoiling residues is 
reflected in the width (FWHM) of the experimentally measured FRRDs of the ERs. 
The width of the FRRD is also likely to get effected by the straggling of the incident 
projectile beam and finite target thickness [7]. The relative contributions arising from 
the different CF and/or ICF processes may be computed by fitting the experimentally 
measured FRRD data with Gaussian peaks using the ORIGIN software.       
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5.1 FRRD of ERs Populated Through pxn Channels 
The velocity distribution of the residues populated in the heavy ion induced reaction 
represents the characteristic processes (CF and/or ICF) involved in the formation of      
these residues. The distribution of measured yield as a function of the recoil range of 
the residues in stopping medium gives an insight of the reaction processes involved in 
their formation. A complete fusion of the 20Ne projectile with the 51V target leads to 
the formation of the excited intermediate compound system, 71As*. The excited 
intermediate compound system, 71As* further decays to ground state via the emission 
of nucleons and/or  -particles along with the characteristic -rays. The dominant 
evaporation mode through the emission of neutrons and protons leads to the formation 
of 67Ge and 66Ge residues through the pxn (x = 3,4) channel. Fig. 5.1 shows the 
FRRDs of the ERs a) 67Ge and b) 66Ge populated through the p3n and p4n channels, 
respectively in the 20Ne + 51V reaction at Elab 145 MeV. As it is evident from figure 
5.1, the FRRDs of the ERs populated through the pxn channel (x = 3,4) consist of a 
single peak, suggesting only one component of linear momentum transferred from 
projectile to target which is a characteristic feature of the CF process, involved in the 
population of 67Ge and 66Ge residues. Moreover, as mentioned before, the emission of 
neutrons and protons from the forward recoiling residues may modify the 
energy/momentum of the final residues, depending upon the direction of emission. 
The width of the FRRDs is also likely to get effected by the straggling effect. The 
identified reaction products and their experimentally measured most probable range 
(Rexp) as well as theoretically estimated (using the code, SRIM [8]) recoil range (Rtheo) 
is given in Table 5.1. The most probable forward recoil range have been  theoretically 
calculated by assuming that in the CF process, the incoming projectile completely 
fuses with the target nucleus and transfer its entire linear momentum to the composite 
system, which  recoils in the forward direction to conserve the linear momentum. 
However, in the case of ICF process, the transfer of linear momentum from projectile 
to target is proportional to the mass of the fusing fragment. Thus, the theoretical recoil 
range calculation is based on the recoil energy/momentum transferred to the 
composite system, done by the code, SRIM [8] which is based on the range energy 
formalism.   
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Figure 5.1. Experimentally measured forward recoil range distribution (FRRD) 
of the ERs (a) 67Ge and (b) 66Ge populated through p3n and p4n channels 
respectively, in the 20Ne + 51V reaction at Elab   145 MeV. 
  
On the basis of the above description, it is clear that the population of 67Ge and 66Ge 
residues via p3n and p4n channels involve complete transfer of momentum from 
projectile to target, and may be represented as;      
 
20 51 71 *
71 * 67
71 * 66
Ne V As
As Ge
As Ge
p3n
p4n
 
 
 
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The FRRDs of 67Ge and 66Ge residues consist of a single peak, at 2229.6 µg/cm2 and 
2456.4 µg/cm2 respectively, which is a sign of total linear momentum transfer from 
projectile to target nucleus, indicating the presence of only the CF process in the 
population of these residues. The range of these ERs in the Al-catcher medium was 
found to lie around the expected range for the compound system 71As (2308 µg/cm2), 
estimated theoretically using the code, SRIM [8].  
The recoil velocity of the intermediate compound system, 71As, formed through the 
CF of the 20Ne projectile with the 51V target, was calculated using the expression 
given in the equation 5.1, and it was found to be 0.0349c. The compound nucleus will 
enters the Al-catcher medium with this recoil velocity and its velocity goes on 
decreasing as it moves forward in the Al-catcher medium. The measured forward 
recoil range of the observed CF residues, 67Ge and 66Ge, was found to be slightly 
different from the theoretical value predicted for the compound nucleus 71As using the 
code, SRIM [8]. As mentioned above, the evaporation of nucleons from the recoiling 
compound system slightly modifies the recoiling velocity and hence its forward recoil 
ranges [7]. The theoretical most probable range, Rtheo, is estimated by assuming that  
20Ne projectile, being an α-cluster nuclei, consist of five α particles and the total linear   
 
Table 5.1. Experimentally measured most probable forward recoil range (Rexp) 
as well as theoretically calculated forward recoil range  (Rtheo), in unit of 
2g / cm , of the ERs populated in the 20Ne + 51V reaction at Elab 145 MeV.    
 
Residues 
 
       CF              ICFα    ICF2α  
Rexp   Rtheo   Rexp               Rtheo Rexp Rtheo 
67Ge(p3n) 2229.6 2308         −    −  − − 
66Ge(p4n) 2456.4 2308   −    −  − − 
65Ga( 2n) 
63Zn( p3n) 
62Zn(p4n) 
61Co(2 2p) 
61Cu(2 2n) 
60Cu(2 3n) 
2200.6 
2385.1 
2396.1 
2287.6 
2354.9 
2304.0 
2308 
2308 
2308 
2308 
2308 
2308 
 1457.8 
1767.4 
1665.9 
1720.8 
1817.1 
1853.1 
1817 
1817 
1817 
1817 
1817 
1817 
 − 
− 
− 
1187.6 
1304.2 
1424.4 
− 
− 
− 
1474 
1474 
1474 
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momentum associated with the incident projectile is equally distributed among its five 
α constituents. In case of CF process all the five α’s (20Ne) fuses with the target 
leading to a complete transfer of linear momentum from the projectile to the target, 
whereas in case of ICFα and ICF2α processes four (16O) and three (12C) α-particles fuse 
with the target leading to a transfer of 4/5 incρ and 3/5 incρ , respectively from projectile 
to target.  
 
5.2 FRRD of ERs Populated Through xn and pxn Channels   
The α emitting residues 65Ga, 63Zn and 62Zn is expected to get populated through the 
α2n, αp3n and αp4n channels, respectively. Fig. 5.2(a-c) shows the FRRDs of the ERs 
65Ga, 63Zn and 62Zn. The FRRDs of the residues populated through α2n and αpxn (x = 
3, 4) channels are resolved into two Gaussian peaks, using the software ORIGIN. As 
can be seen from figures, FRRDs of residues populated through α2n and αpxn (x = 3, 
4) channels consist of two peaks, one at higher cumulative depth, indicating the 
involvement of complete linear momentum transfer event and the other peak at lower 
cumulative thickness corresponding to partial linear momentum transfer (4/5 incρ ), 
through the fusion of 16O (20Ne is expected to break-up into 16O + α) with the 51V 
target nucleus. Thus, the ERs populated through the α emitting channel have 
contributions arising from both the CF as well as the ICFα processes. The fraction of 
contribution arising from each of the two fusion processes can be calculated by 
dividing the area under the peak of the given process by the total area under the 
FRRD, and it is given in Table 5.2. The relative contributions of CF and ICFα 
processes in the population of a given ER vary a lot. The interplay between the 
contributions of CF and ICFα processes in the formation of 65Ga, 63Zn, and 62Zn 
residues through the α2n, αp3n and αp4n channels, respectively, may be given by two 
different reaction modes. 
 
5.2.1 CF process:  CF of the 20Ne projectile with the 51V target leads to the 
formation of the excited intermediate compound system, 71As* which further decays 
to the ground state via the emission of nucleons and α-particle together. The ERs 
65Ga, 63Zn, and 62Zn have a finite probability of getting populated through the 
emission of α2n, αp3n and αp4n respectively, from the excited compound system,  
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Figure 5.2. Experimentally measured forward recoil range distribution (FRRD) 
of the ERs (a) 65Ga(α2n) (b) 63Zn(αp3n) and (c) 62Zn(αp4n) populated through 
the CF and/or the ICF processes in the 20Ne + 51V reaction at Elab   145 MeV.  
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71As*. As an example, the reaction mechanism for the formation of 62Zn residue 
through the CF processes may be given as; 
 
                                                        
20 51 71 *
71 * 62
Ne V As
As Zn 4p n
 
  
 
 
5.2.2 ICFα process: Weakly bound α cluster projectile, like 20Ne, have a high 
probability to undergo a break-up fusion reaction. Lower break-up threshold energy 
(EB.U) of the 20Ne projectile makes it more susceptible to the break-up process prior to 
fusion with the target nucleus, which further leads to the ICF reactions. Under the 
influence of the target’s field, 20Ne projectile is expected to break-up into 16O and  α 
particle.   
                                                               
20 16
B.U
Ne O
E 4.72MeV
  

 
  
 The 16O nucleus, which is formed through the break-up of the 20Ne projectile, fuse 
with the 51V target leading to the formation of an incompletely fused composite (IFC) 
 
Table 5.2. Measured relative contributions arising from the CF, ICFα and ICF2α 
processes in the population of the ERs populated through the α emitting 
channels. 
 
Residues 
 
CF 
(%)   
ICFα 
(%) 
ICF2α 
(%) 
  65Ga(α2n) 94.3 5.7 − 
63Zn(αp3n) 22.9 77.1 − 
62Zn(αp4n) 
61Co(2α2p) 
61Cu(2α2n) 
60Cu(2α3n) 
61.8 
69.5 
79.8 
12.8 
38.2 
24.9 
14.1 
48.4 
−  
6.6 
6.1 
38.8 
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system, 67Ga*  through the ICFα process while the α particle keeps on moving along 
the beam direction as a spectator. The excited 67Ga* nuclei further decay via the 
emission of nucleons leading to the formation of the ERs 65Ga, 63Zn, and 62Zn via 2n, 
p3n, and p4n channels, respectively. As an example, the formation mechanism of the 
ER 62Zn through the ICFα process may be given as; 
                                            
                                                    
20 16 67 *
67 * 62
Ne ( O ) Ga
Ga Zn 4
( as a spectator)
p n 
    
   

                                                        
In the same manner, the production of 65Ge and 63Zn residues may be attributed to the 
(i) CF of 20Ne projectile with 51V leading to the formation of an excited compound 
system 71As which further decay via the emission of α2n and αp3n respectively, and  
(ii) fusion of 16O with 51V forming 67Ga in the excited state and decay to the ground 
state via the emission of 2n and p3n, respectively.   
                                                      
5.3  FRRD of ERs Populated Through 2xn and 2xp Channels  
As it can be inferred from Fig.5.3, the measured FRRDs of the residues populated 
through 2αxn (x = 2,3) and 2αxp (x = 2) channels is found to resolve into three 
Gaussian peak using the ORIGIN software. The figure shows the FRRDs of the ERs 
a) 61Cu(2α2n), b) 61Co(2α2p), and c) 60Cu(2α3n).  The first peak at the lowest recoil 
range corresponds to the ICF2α process arising from the break-up of 20Ne into 12C and 
8Be (20Ne → 12C + 8Be (2α)), followed by the fusion of 12C with 51V leading to the 
transfer of 3/5 incρ  from the projectile to the target. Formation of second and third 
peaks involves the ICFα (20Ne → 16O + α) and CF processes through the fusion of 16O 
and 20Ne respectively, with the 51V target. Fusion of 16O leads to a transfer of 4/5 incρ  
whereas fusion of 20Ne involves complete transfer of linear momentum from the 
projectile to the target. Thus, it can be concluded that the ERs 61Cu, 61Co and 60Cu 
populated through 2α2n, 2α2p and 2α3n channels respectively, have contributions 
arising from the CF, ICFα and ICF2α processes. The formation of 61Cu, 61Co and 60Cu  
residues through each of these three processes may be given as;    
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5.3.1 CF process:   Excited compound system 71As*, formed through the CF of 20Ne 
projectile with the 51V target, may further decay via the 2α2n, 2α2p and 2α3n 
channels to form the ERs 61Cu, 61Co, and 60Cu, respectively. The reaction mechanism 
for the formation of 61Cu residue through the CF process may be given as; 
                                                                
20 51 71 *
71 * 61
Ne V As ;
As Cu 2 2n
 
   
 
5.3.2 ICFα process:    As mentioned in section 5.2.1, due to low EB.U value for the 
20Ne   16O + α reaction, 20Ne is expected to break-up into 16O and α particle under 
the influence of target’s field. The incompletely fused compound (IFC )system 67Ga*, 
formed through the fusion of 16O with 51V, may further decays to ground state leading 
to the formation of ERs 61Cu, 61Co and 60Cu through the α2n, α3p, and α3n channels, 
respectively. The mechanism involved in the formation of ER 61Cu through the ICFα 
process may be given as; 
                                                  
20 16 51 67 *
67 * 61
Ne( O ) V Ga ;
( as spectator)
Ga Cu 2n
     

   
 
5.3.3   ICF2α process The cluster nature of the 20Ne projectile causes it to breaks-up 
into 12C + 8Be (2α) under the influence of the target’s field.  
                                              
20 12 8
B.U
Ne C Be (2 );
E 11.9 MeV
  

 
12C, which forms through the break-up of 20Ne projectile, fuses with the 51V target 
leading to the formation of an IFC system 63Cu through the ICF2α process while the 
8Be (2α) keep on moving along the beam direction with the same speed. The excited  
63Cu nucleus further decays to ground state via the emission of nucleons leading to the 
formation of ERs 61Cu, 60Cu, and 61Co through 2n, 3n, and 2p channels, respectively. 
As an example, the reaction mechanism involved in the formation of 61Co residue 
through the ICF2α process may be given as; 
 
                             
20 12 8 51 63 * 8
8
63 * 61
Ne( C Be(2 )) V Cu Be(2 );
Be(2 ) as spectator
Cu Cu 2n
     

 
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Figure 5.3. Experimentally measured forward recoil range distribution (FRRD) 
of the ERs (a) 61Cu(2α2n), (b) 61Co(2α2p) and (c) 60Cu(2α3n) populated through 
the CF and/or the ICF processes in the 20Ne + 51V reaction at Elab   145 MeV.  
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The descriptions, given in sections 5.2 and 5.3, suggest that  the formation of residues 
populated in 20Ne + 51V reaction at Elab ≈ 145 MeV through the CF, ICFα and/or ICF2α 
processes is based on the break-up fusion model given by Udagawa and Tamura [9]. 
According to break-up fusion model, the incident projectile 20Ne is expected to break-
up into fragments 16 12 8( O or C Be)    due to the nuclear field of the target nucleus. 
Following the break-up of incident projectile, one of the fragment, called ‘spectator’, 
keep on moving along the beam direction while the rest of the projectile fuses with 
the target nucleus.  
 
In order to compare the range integrated experimental cross section of the residues 
populated through the pxn and α channel, the statistical model calculation using the 
code, PACE4 [10] have been done. PACE4 code is based on the Hauser-Feshbach 
theory of compound nucleus (CN) decay, and uses statistical approach of CN de-
excitation by Monte Carlo procedure. The code calculates, at each stage of de- 
excitation, the angular momentum projection which enables the determination of 
angular distributions of the emitted  particles. PACE4 uses the  BASS model to  
 
Table 5.3. Experimentally measured range integrated cross sections ( RRD ) of 
the ERs populated in the 20Ne + 51V reaction at Elab  145 MeV along with their 
fusion cross section ( PACE4 ) values calculated theoretically using the statistical 
model code PACE4.  
 
 
Residues 
 
RRD   
(mb) 
     PACE4
 
(mb) 
67Ge(p3n) 0.56          0.52 
66Ge(p4n) 0.86  0.76 
65Ga( 2n) 
63Zn(p3n) 
62Zn( p4n) 
61Co(2 2p) 
61Cu(22n) 
60Cu(23n) 
22.30 
56.16 
45.37 
9.62 
114.92 
30.53 
 10.70 
10.50 
19.10 
2.07 
109.00 
5.10 
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calculate the CF cross sections [11].  Further details regarding the PACE4 calculation 
are given in section 3.1 of chapter 3. Table 5.3 gives the range integrated 
experimental cross-section as well as the corresponding theoretical value, calculated 
using the statistical model code PACE4, of the observed residues populated in the 
20Ne + 51V reaction at Elab ≈ 145 MeV. It can be inferred from Table 5.3 that range 
integrated experimental cross section of the residues populated through the pxn 
channel matches well with the theoretical values predicted by statistical model code 
PACE4 whereas the residues populated through the α emitting channel shows an 
enhancement over the PACE4 values. This kind of discrepancy is arising because 
PACE4 calculations do not take ICF reactions into account.  
 
                                  ********************************** 
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Chapter 6 
Results and Discussion 
At the incident beam energy around the Coulomb barrier, it is expected that complete 
fusion (CF) is the major contributor to the total reaction cross- section [1]. However, 
in the present work, it is observed that  incomplete fusion cross- section contributes 
significantly to the total reaction cross section at energies around the Coulomb barrier. 
In the present work, study of CF and ICF reactions using  20Ne + 51V, 20Ne + 93Nb and 
20Ne + 165Ho systems at energy 4-7 MeV/nucleon, reveals that ICF cross section 
increases with the increase in incident beam energy. The observed trend of ICF cross 
section was considered by many authors [2,3] to be the consequence of the critical 
angular momentum ( crt ) associated with the formation of compound system: ie., at 
angular momentum   higher than crt for CF reaction, formation of compound 
nucleus is hindered and ICF reaction starts competing with the CF reactions. 
Zebelman and Miller [4] experimentally observed that ICF reaction cross section get 
influenced by the entrance channel parameters viz. mass asymmetry of the projectile-
target system, incident energy of the projectile, Coulomb repulsion between the 
projectile and the target ( P TZ *Z ), break-up threshold energy (EB.U) of the projectile, 
etc. The calculation of ICF strength function and its dependence on incident beam 
energy is discussed in section 6.1. The dependence of ICF cross section on the mass- 
asymmetry of the projectile-target system is given in section 6.2. Finally, the 
conclusion drawn from the present work is given in section 6.3.      
6.1 ICF Strength Function 
As it has been seen previously in the chapter 4, the experimentally measured reaction 
cross- sections of the α- emitting channels residues show an enhancement over the 
theoretical values, predicted by the statistical model code, PACE4 [5].  Since the 
PACE4 calculation does not take ICF reactions into account, the observed 
enhancement in experimentally measured reaction cross- section over the PACE4 
values, suggest the contribution of ICF reaction in the population of residues in the 
20Ne + 51V, 20Ne + 93Nb and 20Ne + 165Ho reactions.  
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In order to deduce the contribution arising from the ICF reactions in the population of 
residues through the α- emitting channel, ICF cross- section has been calculated by 
subtracting the PACE4 value from the experimentally observed reaction cross- section 
i.e. exp PACE4ICF channel channel      . It is to be noted that, ERs populated through the 
CF reaction have small contribution towards the total reaction cross- section. The 
remaining CF residues could not be detected due to their too short/long half- lives. 
The unaccounted cross- sections due to the formation of stable /unstable ERs are 
accounted using the statistical model code PACE4, as it was done earlier in Ref. [6,7]. 
By using the code PACE4, the ratio PACE4 PACE 4exp fusR /    is calculated and using this 
ratio experimental fusion cross-section is calculated as exp expfus pxn / R   . 
 Moreover, in order to estimate the magnitude of ICF contribution to the total reaction 
cross section, given by expTF ICF fus     , the systematically deduced ICF cross- 
sections ICF( )  is plotted along with the experimental fusion cross- section 
exp
fus( )  
and the total fusion cross-section TF( )  as a function of incident beam energy in Figs. 
6.1- 6.3 for the  20Ne + 51V, 20Ne + 93Nb and 20Ne + 165Ho systems, respectively. The 
solid line through the data points in these figures is to guide the eyes. As can be seen 
from these figures, the values of expfus and TF  are almost same or differ by a small 
factor at low energies, leaving no or small room for the ICF reactions at these 
energies. As the incident beam energy increases beyond the Coulomb barrier,  the 
separation between expfus  and TF  increases with the increase in beam energy, 
suggesting an increase in ICF probability with the increase in beam energy beyond the 
Coulomb barrier. Thus, in order to have a better understanding about the onset and 
influence of ICF reactions, ICF strength function (FICF) has been deduced from the 
analysis of the given data. The ICF strength function FICF, is taken as an empirical 
definition of the probability of ICF reaction at different projectile energies. ICF 
strength function is given as, FICF = ICF
TF
x 100.

  The value of FICF deduced from the 
given relation are plotted as a function of incident projectile energy for the 20Ne + 51V,     
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Figure 6.1. TF , 
exp
fus  and ICF  cross sections are plotted as a function of 
incident beam energy for  20Ne + 51V system. ICF  values are shown by 
multiplying the original value by a factor of 3. 
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Figure 6.2. TF , 
exp
fus  and ICF  cross sections are plotted as a function of 
incident beam energy for  20Ne + 93Nb system. ICF values are shown by 
multiplying the original value by a factor of 2. 
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Figure 6.3. TF , 
exp
fus  and ICF  cross sections are plotted as a function of 
incident beam energy for  20Ne + 165Ho system. ICF  values are shown by 
multiplying the original value by a factor of 2. 
 
20Ne + 93Nb and 20Ne + 165Ho systems and is shown in figures 6.4-6.6.   As can be 
seen from  figures 6.4-6.6, the value of FICF for the 20Ne + 51V system is found to be 
3.1% at Elab = 82.95 MeV and it increases smoothly with the increase in incident beam 
energy and reaches a value of 22.1% at highest incident energy i.e. Elab = 145 MeV. 
On the other hand, in case of 20Ne + 93Nb system, FICF is found to be 6.8% at Elab = 
91.6 MeV and increases with the increase in beam energy up to 24.3% at a beam 
energy of 145 MeV. In case of 20Ne + 165Ho system, FICF is found to be 5.2% at the 
beam energy 90.2 MeV and reaches a maximum value of 24.81% at highest beam 
energy i.e. 145 MeV. The observed increasing trend of FICF with incident beam 
energy in each of the three systems studied here suggest that the break-up probability 
of incident projectile increases with the increase in beam energy.         
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Figure 6.4. ICF Fraction (FICF) as a function of projectile lab energy for 20Ne + 
51V systems.  
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Figure 6.5. ICF Fraction (FICF) as a function of projectile lab energy for 20Ne + 
93Nb systems. 
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Figure 6.6. ICF Fraction (FICF) as a function of projectile lab energy for 20Ne + 
165Ho systems.  
 
6.2 Mass Asymmetry 
It has been reported by Morgenstern et al. [8] that initiation of incomplete fusion 
reaction is governed by the relative velocity between the projectile and the target as 
well as on the mass- asymmetry of the interacting partners. Morgenstern et al. 
suggested that the contribution of ICF cross-section to the total reaction cross- section 
become significant at Vrel above 0.06c, where c is the velocity of light in air. The 
relative velocity, Vrel is given by; 
                                         Vrel  =  c.m C.B
red
2(E V )
M
   
where Ec.m is the projectile energy in the centre of mass frame, VC.B is the Coulomb 
barrier between the projectile-target system  and Mred is the reduced mass of the 
projectile-target system. 
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Figure 6.7.  A comparison of the values of FICF deduced at a constant relative 
velocity (Vrel  = 0.06696c) for various systems as a function of entrance channel 
mass asymmetry (µ). 
 
 
 In order to test the systematic as suggested by Morgenstern et al., and to analyze the 
dependence of FICF on the mass- asymmetry ( ) of the interacting partners, which is 
given by; 
                                                T
T P
A
A A
 

, 
where AT  and AP are the mass numbers of the target and the projectile, respectively, 
FICF values of the 20Ne + 51V, 20Ne + 93Nb, 20Ne + 165Ho and 16O + 165Ho [9] systems 
at a constant Vrel  are compared. Fig. 6.7 shows the FICF values of these systems at Vrel 
= 0.06696c, as a function of mass asymmetry ( ) of the interacting partners. Solid 
line through the data points is to guide the eyes. As can be seen from Fig. 6.7, at a 
given Vrel, the FICF is found to increase almost linearly with the mass asymmetry of 
the given projectile-target systems.   
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6.3 Summary and Conclusion 
In the present work, the excitation function (EF) of several radionuclides populated 
via CF and/or ICF processes in the 20Ne + 51V, 20Ne + 93Nb and 20Ne + 165Ho systems 
has been measured in the energy range of  4-7 MeV/nucleon  and analyzed in the 
framework of equilibrated CN decay using statistical model code, PACE4. 
The experimentally measured EFs of evaporation residues (ERs) populated through 
the xn and pxn channels have been found to agree reasonably well with the prediction 
of statistical model code, PACE4, suggesting their population through the CF process 
only. However, in the case of ERs populated through the α emitting channel, a 
significant enhancement in the reaction cross-section has been observed as compared 
to the value predicted by theoretical model code, PACE4. This enhancement has been 
attributed to the ICF of 20Ne projectile with the 51V, 93Nb and 165Ho targets. It has 
been observed that the probability of ICF reaction increases with the incident beam 
energy and mass asymmetry of the projectile-target system. On the basis of result and 
analysis presented in this work, it may be concluded that apart from  CF,  ICF process 
also plays an important role in the population of ERs populated through the α emitting 
channel in the energy regime of 4-7 MeV/nucleon. The ICF strength function was 
found to strongly depend on the entrance channel parameters such as mass-asymmetry 
and incident projectile energy. As a further outlook, one can attempt similar 
experiments with the same projectile on a series of heavier targets (eg. Pb, Bi and 
others) in order to investigate the extent of CF and ICF reactions.  
In the study of forward recoil range distribution (FRRD) of the ERs populated in the 
20Ne + 51V reaction at lab energy ≈ 145 MeV, an attempt has been made to 
disentangle the contributions of CF and ICF processes in the population of a given 
ER. CF and ICF processes have been labelled as full and partial linear momentum 
transfer from the  projectile to the  target, respectively.  The incomplete fusion events 
have been explained on the basis of break-up fusion model [10], where it is assumed 
that the  incident projectile, 20Ne break-up into 16O + α or 12C + 8Be in the nuclear 
field of the target nucleus. Analysis of the FRRDs suggests that the  ICF process 
contributes significantly to the total reaction cross- section at lab energy ≈ 145 MeV. 
Since in the present work, the measurement of FRRD of populated ERs is carried out 
at single lab energy, hence no comment could be made about the variation of the  ICF 
Results and Discussion   
90 
 
contribution with the incident beam energy. However, Yadav et al. [11], through the 
study of FRRD of ERs populated in the  12C + 159Tb reaction at three different 
energies, found that the ICF contribution increases with the  increase in incident beam 
energy. Hence as a future outlook, it is required to carry out the similar experiment 
using 20Ne + 51V system at slightly different lab energies.     
                                     ************************** 
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